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Knowledge, and the Teachings of Plants
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M.Sc., NATIONAL CENTRE FOR BIOLOGICAL SCIENCES - TATA
INSTITUTE OF FUNDAMENTAL RESEARCH
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Toni Lyn Morelli
Carnivores are distributed widely and threatened by habitat loss, poaching, cli-
mate change, and disease. They are considered integral to ecosystem function through
their direct and indirect interactions with species at different trophic levels. Given
the importance of carnivores, it is of high conservation priority to understand the
processes driving carnivore assemblages in different systems. It is thus essential to
determine the abiotic and biotic drivers of carnivore community composition at dif-
ferent spatial scales and address the following questions: (i) What factors influence
carnivore community composition and diversity? (ii) How do the factors influencing
carnivore communities vary across spatial and temporal scales? (iii) At local scales,
what are the roles of within- and between- guild interactions in structuring carnivore
communities? I use carnivore distribution data from protected areas across the global
xiv
tropics to understand how multiple biodiversity metrics track one another at the re-
gional scale. At the landscape scale, I apply carnivore community data from India
to understand how spatiotemporal interactions at the local scale influence carnivore
distribution patterns at larger scales. Lastly, at the local scale, I implement a field
study of carnivore community occupancy at Kasanka National Park in Zambia using
camera traps to understand spatiotemporal patterns of distribution. I employ these
studies to delineate the importance of scale in developing a theoretical and applied
understanding of community ecology, monitoring mammals at the community level,
and conserving carnivore communities. This research shows that carnivore conserva-
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OVERVIEW
... the problem is not to choose the correct scale of description, but rather to
recognize that change is taking place on many scales at the same time, and that it is
the interaction among phenomena on different scales that must occupy our
attention. –Simon Levin (The Robert H. MacArthur Award Lecture - 1989)
The distribution, regulation, and maintenance of biodiversity are considered fun-
damental to ecology (Lawton, 1999; Peterson et al., 1998; Sexton et al., 2009). While
they have been studied at different scales, there has been a bias towards small-scale
experimental studies and large-scale meta-analyses for various reasons, including fea-
sibility, access to resources, species and landscape characteristics, and the availability
of tools to researchers (Levin, 1992; Schneider, 2001; Mayor et al., 2009; McGill, 2010;
McGarigal et al., 2016). As a result of this, the proximate causes of local dynamics
and the mechanisms behind interactions have been well-studied for certain taxa dis-
proportionately over others. At larger scales, studies have tended to focus on pattern
rather than process (Figures 0.1–0.4). The notions of pattern and scale are considered
tightly interconnected, where pattern is a surrogate for variation, the measurement
of which hinges on the scale being considered (Levin, 1992; Schneider, 2001; McGill,
2010; Peters et al., 2007).
Considerations of pattern and scale are, indubitably, central to ecology and bio-
geography (Levin, 1992; Schneider, 2001; McGill, 2010). These are intricately related
to the objectives of the study. Increasingly, ecological research seems to involve data
collected at different spatial, temporal, and organizational scales (Figures 0.1, 0.2).
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Figure 0.1. Schematic example of the influence of different environmental
factors at different spatial scales. The underlying assumption is that small
spatial extents correlate with fine data resolutions while large spatial extents are
associated with coarse data resolutions. This figure seems to imply that certain
factors are important either at large or small scales, not both (contrast
with Figure 0.2). [Source: (Pearson & Dawson, 2003)]
In terrestrial systems, species distribution and abundance patterns show variabil-
ity based on the spatial scale: global, regional, landscape, and local (Brown, 1971;
Pearson & Dawson, 2003; Colwell et al., 2004; Gaston, 2009; Mayor et al., 2009; Mc-
Garigal et al., 2016). There is a leitmotif of nestedness among the scales, wherein
the conditions affecting species diversity and composition are hierarchical, with larger
scales influencing patterns in smaller scales in a trickle-down manner. However, there
are interactions between processes along the different scales (Figure 0.3), which are
typically challenging to measure and account for, that affect the distribution and
abundance of species (Peters et al., 2007; Colwell et al., 2004).
An added challenge comes in the difference between the scale in which the orga-
nizational unit being studied exists (referred to as ‘scale of experience’) and that in
which it is being measured (called ‘scale of observation’). When incorporating tem-
poral scales, especially when considering deep time perspectives, species occurrence
patterns gleaned through the fossil record come with their own set of challenges. The
primary challenge is that certain organisms and landscapes are disproportionately
better represented over geological time (Fleagle & Gilbert, 2006; Sexton et al., 2009;
Svenning et al., 2015). Furthermore, it is more common to have studies of distribu-
2
Figure 0.2. Diagrammatic representation of the processes driving species
distributions at different spatial scales. This differs from (Figure 0.1) since it
depicts how some factors could emerge as important drivers at multiple scales (eg.
climate and dispersal). [Source: (McGill, 2010)]
tion and abundance of species from a single season or at best a few seasons of data.
Long-term datasets from the wild or multi-year exclosure experiments are countably
rare, primarily due to logistical and methodological constraints. In order to make
robust inferences, the spatial and temporal scales chosen should be relevant to the
level of organization the study species fall under.
Monitoring Carnivore Communities
Carnivores are distributed widely, and considered to be important in the structure
and functioning of species assemblages and communities through their direct and in-
direct interactions with other species at different trophic levels (Jiménez et al., 2017;
Gompper et al., 2016; Schuette et al., 2013). Given their importance, and the enor-
mous pressure that vertebrate carnivores are experiencing from global change (Linnell
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& Strand, 2000; Linnell et al., 2001; Gittleman et al., 2001; McKenna & Bell, 1997),
it is of high conservation priority to understand the factors driving carnivore commu-
nity assemblages in different systems.
Monitoring wildlife populations has been an essential component of ecological
studies and conservation strategies. While classical methods such as those involving
point counts, transects, mist nets, cover boards, and pitfall traps continue to be in use
for studying populations of birds, reptiles, and amphibians, tools like camera traps
and drones are gaining traction for monitoring mammals (Devarajan et al., 2020).
Advances in technology and increased access by researchers, wildlife managers, policy
makers, and citizen scientists have resulted in a dramatic increase in methods involv-
ing camera traps, aerial surveys, drones, and GPS loggers for wildlife monitoring in
the past decade. Interest in studying entire communities simultaneously is growing,
paving the way for multi-species or community models in ecological research (De-
varajan et al., 2020). However, incorporating species interactions into these models
is considered challenging and hence remains an underutilized, if important, aspect of
wildlife monitoring (Waddle et al., 2010; Rota et al., 2016).
Hierarchical modeling approaches such as occupancy modeling (MacKenzie et al.,
2002) and spatial capture-recapture (Royle & Young, 2008; Royle et al., 2009) are
emerging as the de facto statistical methods for studying species occurrence, distribu-
tions, and abundance (Figure 1.3). The most commonly used methods for estimating
occupancy involve detection/non-detection data, while count data is used for esti-
mating the abundance of species. Until recently, monitoring studies have focused on
single species, although the tools used for wildlife monitoring frequently result in the
detection of several species that can be thought of as ‘monitoring by-catch’.
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A study that has been designed for a guild of large and meso-carnivores will dif-
fer in both field implementation and statistical modeling compared to one that aims
to understand species richness across a community or one involving specific prey and
predator species. Interactions such as competition (or niche partitioning), mutualisms
and other associations, herbivory and predation play an important role in structuring
communities. Failing to incorporate and account for these in studies will result in a
loss of ecological-realism as well as a flawed and incomplete representation of complex
systems.
It is important to include biotic interactions while designing community studies
depending on the scale of the study. The degree and nature of the interactions be-
tween species needs to be incorporated; if this is not possible, the consequences of
not including biotic interactions should be stated (Devarajan et al., 2020). For in-
stance, the modeling framework as well as the study design of a multi-species study
will change based on whether the species of interest are all carnivores, herbivores,
or a mix. The framing of the model will change based on whether it involves, for
instance, a prey-predator interaction or a size-based interaction with dominant and
subordinate species. Furthermore, this is something that needs to be kept in mind
during the design phase for a multi-species study.
While habitat characteristics and other abiotic factors are almost always con-
sidered in estimating species presence, species traits and interactions are frequently
disregarded. This is in part due to the complexity involved in modeling species inter-
actions (Waddle et al., 2010; Rota et al., 2016). It is computationally and statistically
difficult to disentangle species interactions, which ends up adding another level of un-
certainty to an already complex and challenging problem. This is amplified in systems
with rare and elusive species, dynamic landscapes, and disturbances (anthropogenic
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and otherwise) (Sollmann et al., 2011). Community-level studies are also resource
intensive, need a lot of planning, and frequently have complicated project logistics.
Given the practical importance of such multi-species models, it is crucial to de-
termine which species characteristics or traits (such as detectability, body size, home
range, and behavior) are most influential in multi-species datasets. It is also essen-
tial to understand how sensitive statistical inference is to study design, especially
when studies are designed for a focal species but can give insights about a community
landscape. The role of biogeographic barriers, current and historical environment,
physiological and ecological species traits or environmental filtering, and biotic in-
teractions in determining community composition is a fundamental line of inquiry in
ecological research (Webb et al., 2002).
In this dissertation, I address the following questions:
• What factors influence community composition and dynamics?
• How do the factors influencing communities vary across spatial and temporal
scales?
• At local scales, what are the roles of within- and between- guild interactions in
structuring communities?
These questions are crucial in developing a theoretical and applied understanding of
community ecology, and for monitoring biodiversity at the community-level.
To understand community composition and infer interactions a multi-pronged
approach involving camera traps for spatio-temporal interactions and available di-
etary data or scat analysis for dietary preferences is often necessary. A multi-method
approach to estimating species occurrence involving camera traps, hair snares, and
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track plots is useful in maximizing coverage for carnivore communities. In addition
to providing insights into the spatial distribution and density patterns of mammalian
species, time-activity data can be obtained based on camera timestamps. For car-
nivores, camera traps, in combination with geospatial and bioclimatic data, can fa-
cilitate understanding spatial and temporal patterns, as well as habitat use. An
important benefit of camera traps, scat collection, and hair snares is that they are
non-invasive, and can be used to study rare, elusive, and nocturnal species, and sev-
eral of them at once.
In this dissertation, I review the community modeling literature to evaluate cur-
rent best practices for focal-species and community-focused monitoring study design
(Chapter 1). I also design and conduct a field study (Chapter 4), and use existing
data sets to understand the drivers of carnivore community composition and dynam-
ics at different scales (Chapters 2 and 3).
My broad hypotheses are that at regional scales, habitat features and climate are
likely to be more important than interactions between species. Biotic interactions,
anthropogenic influences, and land cover/habitat characteristics are likely to be more
important at local and landscape scales. For a regional scale study on carnivore
communities, I implemented a study of biodiversity metrics relevant to carnivore
communities in the global tropics and sub-tropics (Chapter 2). At the landscape scale,
I used existing data from a study designed for a guild of carnivores to identify the
abiotic and biotic drivers of multi-species distribution patterns (Chapter 3). Lastly,
at the local scale, I conducted a field study of carnivore community occupancy at
Kasanka National Park in Zambia using camera traps to understand spatiotemporal
patterns of distribution (Chapter 4). The latter two chapters build on the literature
review of multi-species occupancy studies (Chapter 1).
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Chapters
Chapter 1: Multi-species Occupancy Models: Review, Roadmap, and Rec-
ommendations
Recent technological and methodological advances have revolutionized the mon-
itoring of wildlife. Although most biodiversity monitoring initiatives are geared to-
wards focal species of conservation concern, focus has increasingly shifted to the study
of entire communities, specifically the spatiotemporal drivers of community size and
structure and interactions among species. This has resulted in the emergence of
multi-species occupancy models (MSOMs) as a promising and efficient approach for
the study of community ecology. Given the potential of MSOMs for conservation and
management action, it is critical to know how sensitive inferences are to study design
and assumption violations. This is especially true for studies that are designed for a
focal species but can give insights about a community.
In this chapter, I implement a systematic review of the recent literature on
MSOMs, identify areas of improvement in the multi-species study workflow, and
provide a reference model for best practices for focal-species and community-focused
monitoring study design (Devarajan et al., 2020). This was done by finding literature
related to community or multi-species models through the Web of Science portal, and
from the resulting journal articles, using the software package ViXeN (Ramachandran
& Devarajan, 2018) for extracting information such as the taxa being studied, study
design and methods, detectors used, spatial and temporal scales, and study area.
The review focused on 92 studies published between 2009 and early 2018, spanning
27 countries and a variety of taxa.
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This literature review was used to inform a roadmap with best practices for MSOM
studies, from simulations to design considerations and reporting, for the collection of
new data as well as those involving existing datasets. This review highlights a con-
sistent under-reporting of details that are central to determining the adequacy of
designs for generating data that can be used to make inferences about community
level patterns of occupancy, including the spatial and temporal extent, types of de-
tectors used, covariates considered, and choice of field and statistical tools. This
reporting bias could consequently result in skewed estimates, affecting conservation
actions and management plans. On the other hand, comprehensive reporting is likely
to help researchers working on MSOMs assess the robustness of inferences, in addition
to making strides in terms of reproducibility and reusability of data.
This chapter has been published in the journal Ecography (Devarajan et al., 2020):
Devarajan, K., Morelli, T. L., & Tenan, S. (2020). Multi-species occupancy models:
review, roadmap, and recommendations. Ecography, 43(11), 1612-1624.
Chapter 2: Drivers of Carnivore Community Composition, Diversity, and
Distribution at the Regional Scale
At large scales, the differential rates of speciation, extinction, and dispersal are
thought to influence species distributions and abundances (Barnosky, 2001; Sexton
et al., 2009). Geographical area as well isolation, evolutionary history, and climate
are considered to be important factors influencing global trends in species diversity,
composition, distribution, and abundance (Brown, 1971; Colwell et al., 2004; Fleagle
& Gilbert, 2006; Gaston, 2009; Mayor et al., 2009; Mccain & King, 2014; Pearson &
Dawson, 2003; Svenning et al., 2015).
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Vicariance events and disturbance can also be considered important across scales,
depending on the nature and intensity of the event. Regional cycles such as glaciation
and the prehistoric ranges of organisms are considered important factors that help
explain why there are no lizards in Massachusetts or why several plant species are
shifting northwards (Fleagle & Gilbert, 2006; Sexton et al., 2009; Svenning et al.,
2015). Thus the drivers of the distribution and abundance of species are multifarious
with interactions between the factors either damping or amplifying certain effects.
There are a number of hypotheses that attempt explaining how fitness varies across
species ranges, such as range limit theory, lower fitness at range margins, and the
abundance center hypothesis (Colwell et al., 2004; Gaston, 2009; Sexton et al., 2009)
(although there is some contradictory evidence from invasion ecology).
The regional scale is one of the larger spatial scales where there is not much
variation in the climatic layer and there is a dispersal limitation that is a barrier to
species distributions. Area and isolation, which determine the rates of colonization or
immigration and extinction, are considered determinants of species distribution and
abundance at the regional level (Pearson & Dawson, 2003; Sexton et al., 2009; Mccain
& King, 2014). All the species occurring in the region, taken together, are indicative
of the gamma diversity of the area. The landscape scale, which is a rung below the
regional scale in the hierarchy, in terms of extent, is linked with the regional scale
through the turnover of species (Peters et al., 2007). This is the change in species
composition between communities across a landscape, and is measured through the
beta diversity which is the variation in species diversity.
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Figure 0.3. Diagrammatic representation of the relationship between
spatial and temporal scales. This is particularly relevant for long-lived and
wide-ranging species such as ungulates. [Source: (Mayor et al., 2009)]
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The smallest spatial scale in the hierarchy is the local scale, which is at the
community-level and indicative of how suitable the habitat is in terms of both biotic
and abiotic conditions. The species diversity at this scale is termed as alpha diversity.
Species characteristics, such as physiology, along with biotic interactions emerge as
important drivers of species distribution and abundance at the local scale (Barnosky,
2001; Brown, 1971; Mccain & King, 2014; Cunningham et al., 2021).
Climate is known to be a major driver of evolution in organisms, having im-
pacts on their population dynamics as well as distributions, at large as well as small
scales (Fleagle & Gilbert, 2006; Mccain & King, 2014; Pearson & Dawson, 2003; Sex-
ton et al., 2009; Svenning et al., 2015). The distributions and geographic ranges of
different species are influenced by environmental variation through impacts on energy
acquisition and physiological tolerances. While populations respond to such changes
in the physical environment through adaptations, the responses by individuals to
these changes happens through acclimation. Responses to climate change can take
the form of “local extirpations, range contractions and shifts, decreased abundance,
phenological shifts, morphological or genetic changes” (Mccain & King, 2014).
In a review of studies on how mammals (typically homeothermic or heterothermic
endotherms) respond to climate change involving 73 North American and 8 other
species occurring elsewhere, body size and activity times were found to be the main
drivers, when several behavioral, physiological, and biogeographic traits were consid-
ered (Mccain & King, 2014). Factors that could influence species response include
species traits, biogeography, and phylogeny (Mccain & King, 2014; Fleagle & Gilbert,
2006; Sexton et al., 2009; Svenning et al., 2015). Of the traits examined, species dis-
tributions and ranges correlated with responses to climate change, i.e., the mammals
occurring in higher latitudes and/or altitudes were more likely to respond to changes
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in climate (Mccain & King, 2014; Pearson & Dawson, 2003). Since traits such as
hibernation, burrowing, and nesting were not found to be major factors, one possible
conclusion is that some mammals can reduce the impacts of climate change through
behavioral adjustments, while others cannot. Given this, it is necessary to examine
physiological responses at the individual level to understand how body size and ac-
tivity times, which are tightly coupled with the physiology of organisms, are affected
by environmental variation.
There are several mechanisms that could result in non-random species assemblages
at large geographical scales. Some drivers of community composition and richness in-
clude trait- or environment-associated speciation and extinction, density-dependent
speciation and extinction, habitat filtering and geographical range limits, and inter-
specific competition (Cardillo, 2011). There are several considerations when studying
community composition: What kinds of organisms compete with each other? Is there
scale-dependence in the relative importance of competition and habitat filtering? Is
there variation in the impact of competition and habitat filtering based on the habitat
type (extreme or resource-limited habitats such as deserts vs. less extreme habitats
like grasslands and forests)? Which species traits are important in order to monitor
communities? What if closely related species don’t have similar biological traits?
The focus of this chapter is to compare species co-occurrences and community
composition across the tropics and sub-tropics. I used a dataset of 515 mammal
communities that was originally constructed for a study on the ecological and evo-
lutionary drivers of mammal biodiversity (Rowan et al., 2020) to understand how
biodiversity metrics for carnivore communities track one another.
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Chapter 3: Drivers of Carnivore Distribution at the Landscape Scale
For a species of interest, their distribution is given by the range of their occur-
rences, at a predetermined spatial and temporal scale (Figure 0.4). Similarly, their
abundance is indicative of their population size. A number of analytical methods have
come about to help understand why organisms are where they are and what causes
them to vary in their abundance. For instance, occupancy analysis and species distri-
bution models are often used to understand the distribution of species, while spatial
capture-recapture is used to estimate abundances. These methods incorporate mod-
els comprising of different factors that could predict occurrence and density. These
predictors include abiotic factors, biotic factors, dispersal, history, and evolution. Abi-
otic factors are climatic and environmental conditions including water, temperature,
humidity, wind, altitude, and soil, while biotic factors include interactions among
species.
The physiological and ecological characteristics of a species that influence their
distribution and abundance are called environmental or habitat filtering. At large
geographical scales, the mechanisms that produce non-random assemblages include
trait- or environment-linked speciation and extinction, density-dependent speciation
and extinction, habitat filtering and range limits, and interspecific interactions. Cli-
mate and physical features are important at the regional scale, while land cover and
habitat type emerge as important drivers at smaller scales. However it is neces-
sary to keep in mind that there are interactions and correlations between the factors
themselves. For instance, the interactions between habitat and climate are well un-
derstood. Climate could also be related to species traits such as cold tolerance and
physiological limits.
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Anthropogenic change is also emerging as an important predictor of species dis-
tribution and relative abundance patterns, especially at local scales. Anthropogenic
effects related to urbanization, roadways, land use, logging, pollution, hunting, over-
harvesting, habitat fragementation, and disease all have differential impacts on differ-
ent organisms at different scales. For instance, among mammalian carnivores, certain
species, including big cats such as leopards, are able to adapt to urbanization bet-
ter than others. Human commensals such as rodents and dogs also impact other
mammals through competition, predation, and disease transmission, affecting species
distributions and abundances in complex ways.
This chapter will focus on carnivore community data from the Banni grasslands of
northwestern India, from a study that was designed for canids. This dataset is from
a field-based study of a guild of co-occurring, mammalian carnivores using camera
traps in an arid ecosystem in India. In this chapter, I use this data to understand
how spatiotemporal partitioning between the study species at local scales relates to
their co-occurrence at larger spatial scales.
I used a Bayesian hierarchical modeling approach using JAGS and involving
MSOM best practices described in Chapter 1 to estimate the occupancy of the four
canid species. I identified how different biotic and abiotic factors influenced the
species distribution patterns and used a body size-based framework to incorporate
biotic interactions between the species.
This manuscript based on this chapter is currently under revision for a journal.
A preliminary version is available on bioRxiv (Devarajan & Vanak, 2020):
Devarajan, K. (2021). Spatiotemporal Partitioning at Local Scales Facilitates
Carnivore Coexistence at the Landscape Level.
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Figure 0.4. A diagrammatic representation of cross-scale interactions and
pattern-process relationships. [Source: (Peters et al., 2007)]
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Chapter 4: Drivers of Carnivore Distribution at the Local Scale
The mechanisms that drive the coexistence of species have been the focus of several
studies, theoretical as well as experimental, in community ecology. The vast amount
of research that has gone into understanding the coexistence of similar species in
ecological communities has in turn helped advance the field of community ecology
through the development of modeling tools, theoretical frameworks, and empirical
data. However, despite being well-studied, the term ‘coexistence’ is often misunder-
stood and unclear in terms of the heterogeneity of definitions available. Furthermore,
the problem of scale in ecology extends to species coexistence studies as well.
There are two broad frameworks that have been employed in studying species
coexistence at different scales, namely, empirical and theoretical (May, 1974; Rough-
garden, 1974; Paine, 1966; Holt et al., 1994). The empirical approach has been char-
acterized by resource partitioning studies, experimental or inferred, while the un-
derlying basis for the theory behind coexistence has been the Lotka-Volterra model
and its extensions. However, the Lotka-Volterra model has come under scrutiny for
being more phenomenological as opposed to mechanistic, explaining patterns well
but not sufficient to understand the processes driving species interactions and coex-
istence (Tilman, 1980, 1987).
Recent research in competitive coexistence has also been informed by the consumer-
resource theory put forth by Tilman (Tilman, 1980). Tilman’s models differ from the
Lotka-Volterra models by explicitly modeling the relationship between the consumer
and resource without the consumer species partitioning or exploiting a resource im-
plicitly through a mystery parameter. There are advantages and limits to using
either of the frameworks and the models put forth under each. A disadvantage of
Lotka-Volterra models has been reliance on analyses of behavior when the system is
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at equilibrium, and relatively few studies under non-equilibrium conditions (Caswell,
1982). Another limitation is the assumption of similar resource utilization curves
between interacting species by many researchers, despite evidence that shows facili-
tation of competitive coexistence when interacting species exhibit differently shaped
resource utilization curves (Roughgarden, 1974).
The processes that are thought to influence species coexistence can broadly be
categorized into biotic and abiotic. The biotic component is epitomized by interac-
tions between species. While competition and predation have been the focal points of
classical experiments, positive associations between species have also been considered.
The abiotic axes have primarily comprised of resources such as habitat (involving re-
source selection, use, and limits), disturbance, and stress (such as the intermediate
disturbance hypothesis). While this classification is more for convenience, research
on coexistence typically builds on a mix of abiotic and biotic features. For instance,
stress can be environmental or take the form of species interactions.
The interactions between species and among individuals of the same species have
formed an integral component of species coexistence research. These interactions
could be negative, such as competition, parasitism, and predation, or positive, like
mutualistic complexes and commensalism, in nature.
• Competition: Competitive interactions have formed the basis for both empir-
ical as well as theoretic research in species coexistence. Historically, Gause’s
experiment on competition between two species of paramecia, resulted in the
definition of the ‘competitive exclusion principle’ (Gause et al., 1934; Hardin,
1960), and spawned off the research on species coexistence. By the competitive
exclusion principle, two species with identical niches cannot coexist and invari-
ably result in one of the species outcompeting the other. Species coexistence
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can thus be considered as an alternate outcome to competitive exclusion in com-
peting species. The primary empirical methods for studying competition have
involved resource partitioning and character displacement, while Lotka-Volterra
models and their analogues have helped inform theoretical studies. Resource
partitioning studies explore the limits placed by interspecific competition on the
number and ability of species to coexist. Research on this was propelled by the
Hutchinsonian niche concept, where a niche is thought of as a n-dimensional
hypervolume, such that each dimension is a niche axis that corresponds to dif-
ferent biotic and abiotic factors that species differentially respond to (Whittaker
et al., 1973). Hutchinson also postulated, through observing the ‘paradox of the
plankton’ (Hutchinson, 1961), that the time involved in the competitive exclu-
sion of one species by another and the time taken by environmental variation to
affect the population dynamics of the competing species interact to determine
species coexistence. A disadvantage of resource partitioning studies is that not
all factors or niche axes can be measured, only variation along a subset of the
environmental and biological factors can be measured (the proportion of axes
that are a subset of the n-dimensions is unknowable). Furthermore, the organ-
isms and study systems chosen for these studies are non-random, and biased
towards certain organisms and predictor variables. On the other hand, a major
advantage of resource partitioning has been its biological realism. Body size and
phylogeny have been popular biological variables, with both acting as proxies
for a set of different variables - home range size, population dynamics, physiol-
ogy, and phylogeny (Ziv, 1998; Basset, 1995; Hutchinson, 1959; Johnson, 1986).
A common assumption in resource partitioning studies is that interspecific com-
petition is stronger between species that are more closely related (and thereby
having higher ecological similarity) (Thompson et al., 1991). However there
have been instances where this assumption does not hold (Jaksić et al., 1993).
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Several studies have explored species coexistence through character displace-
ment in competing species. Classical studies include those on the Galapagos
finches (Grant & Grant, 2014), Caribbean anolis lizards (Losos et al., 1998,
2003), and East African cichlids (Meyer, 1993).
• Predation and Positive Interactions: Predation has experimentally been
verified as an important mediator of species coexistence. A classic experiment
that elucidates the importance of predation in structuring communities involves
Bob Paine’s experimental manipulation of an intertidal invertebrate community
that led to the keystone species and trophic cascades concepts, and understand-
ing the importance of indirect effects in ecological communities. The experiment
involved experimental field manipulation of the population densities of a preda-
tory sea star (Pisaster ochraceus) that preferentially feeds on a mussel (Mytilus
californianus) (Paine, 1966). Competitive exclusion (or the corollary, species
coexistence) can be a consequence of not just resource-based competition, but
any interaction that involves a limiting factor, such as disturbance, stress, or
predation (Levin, 1970). This led to the rise of food web models which are an
extension of Lotka-Volterra models that offer a more mechanistic interpreta-
tion than consumer-resource models (Holt et al., 1994; Vance, 1978). Similarly,
there are instances where positive associations have been shown to be important
determinants of community structure, affecting species richness and diversity.
In a salt marsh in New England, a transplant experiment involving plant and
arthropod species, indicated that the most abundant plant species was found
to facilitate species diversity, under conditions of intermediate disturbance or
stress (Hacker & Gaines, 1997).
• Disturbance and Stress: Disturbance and stress are considered important
environmental factors that influence community structure and species coexis-
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tence. There are several theories and models that have been put forth to help
explain different scenarios of coexistence between species. The intermediate
disturbance hypothesis was an attempt in explaining the impacts of variation
in disturbance (including stress and predation) on community species diver-
sity and composition (Connell, 1978; Wilkinson, 1999). Under this theory, the
frequency and intensity of disturbance on a community could drastically im-
pact species diversity, and be a driver of coexistence. There is experimental
evidence to support the hypothesis that species diversity is highest at inter-
mediate levels of disturbance and stress (Connell, 1978; Sousa, 1979). There
have been several extensions of this model to include predation, competitive
displacement, dispersal, and positive interactions (Menge & Sutherland, 1987;
Pollock et al., 1998; Huston, 1979, 1999; Shurin, 2001; Hacker & Gaines, 1997).
The Menge-Sutherland model differentiates the effects of stress and disturbance
from the effects of predation (Menge & Sutherland, 1987). The lottery and neu-
tral models place an emphasis on the roles of random chance and equality on
the maintenance of species diversity and thereby influence coexistence (Sale,
1977; Hubbell, 2001).
How biotic interactions, current and historical environment, and biogeographic
barriers affect species is considered a fundamental question in ecology. In his classic
treatise, “Animal Ecology” (published in 1962), Charles Elton describes community
ecology using pithy aphorisms and proverbs that represent the biotic factors influenc-
ing species. In brief, these are: (i)“The large fish eat the small fish, the small fish eat
the water insects, the water insects eat plants and mud.”, (ii) “Large foul cannot eat
small grain.”, and (iii) “One hill cannot shelter two tigers.” These succinctly cover a
variety of species interactions and related ecological concepts: predation and trophic
levels, quality vs. quantity and body size vs. resource, and competition, food webs,
niches, and population dynamics. Noticeably these are applicable primarily at the
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local scale. Such interactions among species within a community at the local scale
and effects of these interactions on community structure and species distributions
form the basis of this chapter.
In this chapter, I investigate how abiotic factors and biotic interactions affect
the distribution of carnivores in a particular landscape, namely in Kasanka National
Park (KNP), Zambia. Of the 120 species of mammals thought to occur in KNP, about
twenty species are large and meso-carnivores including felids, canids, and mustelids.
In this understudied landscape with high biodiversity including threatened and elusive
taxa, I studied carnivore community structure in order to understand the role of
inter- and intra-guild interactions and species co-occurrence patterns. This pilot
study will be a stepping stone for future field research in KNP to explore the role




MULTI-SPECIES OCCUPANCY MODELS: REVIEW,
ROADMAP, AND RECOMMENDATIONS
Abstract
Recent technological and methodological advances have revolutionized wildlife
monitoring. Although most biodiversity monitoring initiatives are geared towards fo-
cal species of conservation concern, researchers are increasingly studying entire com-
munities, specifically the spatiotemporal drivers of community size and structure and
interactions among species. This has resulted in the emergence of multi-species oc-
cupancy models (MSOMs) as a promising and efficient approach for the study of
community ecology. Given the potential of MSOMs for conservation and manage-
ment action, it is critical to know whether study design and model assumptions are
consistent with inference objectives. This is especially true for studies that are de-
signed for a focal species but can give insights about a community. Here, we review
the recent literature on MSOMs, identify areas of improvement in the multi-species
study workflow, and provide a reference model for best practices for focal species and
community monitoring study design. We reviewed 92 studies published between 2009
and early 2018, spanning 27 countries and a variety of taxa. There is a consistent
under-reporting of details that are central to determining the adequacy of designs
for generating data that can be used to make inferences about community-level pat-
terns of occupancy, including the spatial and temporal extent, types of detectors
used, covariates considered, and choice of field methods and statistical tools. This
reporting bias could consequently result in skewed estimates, affecting conservation
actions and management plans. On the other hand, comprehensive reporting is likely
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to help researchers working on MSOMs assess the robustness of inferences, in addi-
tion to making strides in terms of reproducibility and reusability of data. We use our
literature review to inform a roadmap with best practices for MSOM studies, from
simulations to design considerations and reporting, for the collection of new data as
well as those involving existing datasets.
Keywords Community models, Multi-species models, Occupancy, Hierarchical
models, Biotic interactions, Reporting Bias
1.1 Introduction
Monitoring the distribution and abundance of wildlife populations is an essential
part of advancing ecological understanding and effective conservation management.
However, the majority of monitoring initiatives have been geared towards a single
focal species, typically those of conservation concern or management interest, likely
due to the resource-intensive nature of wildlife monitoring and a lag in statistical
and computational tools and methods to handle ecological data. With the growing
concern over the effects of global change on community composition, information at
the community level is increasingly necessary. At the same time, advances in statis-
tics and the increasing availability of data across taxa are enabling analyses at the
community scale (Figure 1.1).
The burgeoning interest in making inferences about communities has led to analyt-
ical approaches that utilize data on all observed species, including bycatch species that
are obtained incidentally during the course of a study that was designed with one or
more focal species in mind (Iknayan et al., 2014; Guillera-Arroita, 2017; Ovaskainen
et al., 2017; Steenweg et al., 2019). While the design is optimized for the focal
species, there is often information about other species readily or potentially available
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for extrapolation. Recently, there has been rapid development of statistical method-
ologies to investigate important aspects of community ecology (Iknayan et al., 2014;
Jarzyna & Jetz, 2016; Ovaskainen et al., 2017). For example, some community ecol-
ogy projects now formally incorporate imperfect detection and spatial variation in
detectability and occurrence patterns (Dorazio & Royle, 2005; Zipkin et al., 2010).
These approaches have also been applied to deriving biodiversity metrics and study-
ing changes in community size, composition, and function in space and time (Dorazio
et al., 2006; Tobler et al., 2015; Jarzyna & Jetz, 2016) as well as interactions among
species (Waddle et al., 2010; Pollock et al., 2014; Rota et al., 2016; Tobler et al., 2019).
Currently, the majority of community models, especially hierarchical models that
infer state variables of undetected species while accounting for imperfect detection,
have great flexibility in incorporating variation in detectability and occurrence. How-
ever, they do not formally account for concerns that result from using a single design
to study heterogeneous communities. Recent reviews have attempted to evaluate cer-
tain assumptions of community models (Linden et al., 2017; Guillera-Arroita et al.,
2019); however, the assumption that the designs are adequate for each species in com-
munity analyses, an inherent feature of community monitoring initiatives, has not yet
been investigated.
We reviewed the literature on one of the most widely applied classes of commu-
nity models, the hierarchical multi-species occupancy model (MSOM) (e.g., Dorazio
& Royle, 2005 and extensions). We contrast existing approaches to MSOMs and crit-
ically evaluate the assumptions of MSOMs in order to identify the potential for biases
when studying communities that vary in terms of their spatial ecology and species
traits. We use this theoretical approach to develop a set of criteria to consider in the
design phase of a community monitoring scheme. Next, we develop a set of recom-
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mendations to aid in the design of future community monitoring efforts. We outline
a workflow of best practices from definition of the study design to inference and
(meta)data reporting that can be adopted as a reference model in multi-species stud-
ies. Finally, we report additional observations from the review to highlight aspects
of community studies that will facilitate better application and reporting practices in
the future.
Box 1: Anatomy of a Multi-Species Occupancy Model
Hierarchical occupancy models are used to estimate the number of sites
that are occupied by species of interest in a landscape in an attempt to
understand species distribution patterns. The detectability of the study
species forms an essential component of occupancy studies, especially in
trying to incorporate variation in the detection of the species at different
sites. These models involve a separation between the state (occupancy)
and observation (detection) processes (MacKenzie et al., 2002).
They can be analyzed using either Bayesian or frequentist approaches,
with the former gaining popularity in recent years. Integral to either
approach is the detection probability (p) and the occupancy probability
(ψ). Parameter p is the probability of detecting the species conditional on
the presence of the species at that particular site, and ψ is the probability
that a site is occupied by a species. Spatial (‘sites’) and temporal (‘visits’)
replication is also integral to occupancy modeling.
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Box 1: Anatomy of a Multi-Species Occupancy Model (contd.)
The study area is a mosaic of observed occupied and unoccupied sites.
However it is difficult to determine whether a site where a species was not
detected is truly unoccupied. It is possible the species was not detected
due to various reasons such as insufficient visits (temporal replicates) and
variation in species detectability. This variation in detectability, which is
affected by species traits and survey characteristics, is known as imperfect
detection.
Imperfect detection of species could be due to a variety of factors that
are biotic or abiotic. These are typically related to species traits (life
history, behavior, population density, sex, age, trap shyness), habitat
characteristics (vegetation type, terrain, elevation, noise, canopy cover),
or survey-related factors (sampling effort, observer experience, method
used, spatial and temporal scales, time of the year). Due to their
effectiveness in accounting for imperfect detection, occupancy models
have become a mainstay of species distribution studies since they were
first introduced. While they have been used globally on a range of
taxa using a variety of field methods, studies in the first decade of their
introduction typically focused on a single, focal species.
Like the classical single species occupancy models (SSOMs), MSOMs are
built on the encounter histories of species across sites in a region during
repeated visits. They are typically used to estimate species richness (N )
at both the community and metacommunity level. MSOMs are based on
the concept that a community is an ensemble of species occurring at a site
and a metacommunity is the collection of such communities.
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Box 1: Anatomy of a Multi-Species Occupancy Model (contd.)
MSOMs combine three levels of hierarchy: metacommunity, community,
and individual species. The first level describes the presence of each species
i = 1, 2, ..., N in the metacommunity through an indicator variable (wi):
wi ∼ Bernoulli(Ω) (1.1)
where Ω is the probability that species i is a member of the metacommu-
nity of size N.
The parameter-expanded data augmentation (DA) technique is typically
used to implement the model in a Bayesian framework with Markov
Chain Monte Carlo (MCMC) methods (Dorazio & Royle, 2005). The
DA technique involves the addition of an arbitrary M  N number of
all-zero trap frequencies, which can be seen as potentially unobserved
species, to the detection matrix Y. In this way, the number of unobserved
species in each community can be estimated by evaluating which of
the M - N species (rows of the augmented matrix) are members of
the metacommunity (sampling zeros, wi = 1) or not (structural zeros,
wi = 0). Data augmentation converts the problem of estimating N
into the equivalent problem of estimating Ω and species richness N
is computed as a derived parameter by summing up the latent indica-
tors wi since the expectation of N is equal to M Ω (Kéry & Schaub, 2012).
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Box 1: Anatomy of a Multi-Species Occupancy Model (contd.)
The second level of hierarchy of an MSOM defines the occurrence of each
species at specific sites j = 1, 2, ..., J, i.e., at the community level (eco-
logical or state process):
zij ∼ Bernoulli(ψijwi) (1.2)
where zij are elements of the true occupancy state matrix Z, of dimension
M by J, indicating whether species i is present at site j (zij = 1) or not
(zij = 0). The parameter ψij represents the species-specific occupancy
probability at each site. Note that matrix Z can be used to derive
(meta)community-level metrics.
The third level describes the encounter process of individual species and
the related false-negative measurement error at each site sampled k = 1,
2, ..., K times:
yij ∼ Binomial(K, pijzij) or yijk ∼ Bernoulli(pijkzij) (1.3)
where yij indicates the detection frequency of species i at site j over K
sampling occasions, and yijk is the detection/non-detection at the kth
sampling occasion, with detection probability pij(k).
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Box 1: Anatomy of a Multi-Species Occupancy Model (contd.)
Occupancy and detection probabilities can be modeled as a function of
covariates (‘cov’):
logit(ψij) = αψ,i + βψ,cov,icovj (1.4)
logit(pijk) = αp,i + βp,cov,icovjk (1.5)
Further model assumptions are defined to characterize heterogeneity in
occurrence and detectability among species, and to estimate occurrence
of species members of the community not observed in any site. Often,
species are assumed to have a similar, but not identical, response to
environmental changes (Dorazio et al., 2011; Kéry & Royle, 2015). In the
case of interspecific interactions, where occurrence of a species is affected
by the presence or absence of another species, patterns of co-occurrence
should be considered in lieu of ecological similarity (MacKenzie et al.,
2004).
When ecological similarity is assumed, unobserved sources of heterogene-
ity in occurrence and detection among species can be modeled by adding
a further hierarchical level and assuming that species-specific parameters
in the related linear predictors (αi and βi in equations (1.4) and (1.5))




) with θ = (ψ, p). In this way, species-specific esti-
mates are ‘shrunk’ toward the mean parameter value of the community.
A correlation structure between occupancy and detection probability can
also be included if detectability is expected to increase as species abun-
dance increases (Dorazio, 2007).
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1.2 Multi-species Occupancy Models: State of the Field
There are different types of MSOMs, based on study objectives. Often, ‘com-
munity occupancy’ and ‘multi-species occupancy’ are used interchangeably, although
subtle differences exist (Guillera-Arroita, 2017). MSOMs encompass both co-occurrence
models that incorporate interactions between a few species (typically coupled dominant-
subordinate interactions) as well as community models that usually involve some
estimate of species richness without including biotic interactions (Figure 1.1). Co-
occurrence models include biotic interactions in addition to habitat and abiotic fac-
tors, and modeling the detection and occurrence hinges on species traits and the
nature of the interactions. Frequently, assumptions on the nature of the interac-
tions need to be made in order to model them appropriately. These could take the
form of competitive interactions or prey-predator systems, and assumptions made
include body size-based hierarchy in the event of a dominant-subordinate species
coupling (Figure 1.1).
The MSOM can jointly estimate detection and occurrence probabilities of each
species in the community, including those not detected. As with the single species
occupancy model (SSOM), MSOMs have at their core the fundamental inference ob-
jective of estimating species occupancy rates in the presence of imperfect detection
(see Box 1). This requires repeated sampling of multiple spatial locations (MacKenzie
et al., 2002, 2017).
There are many limitations to MSOMs and several are related to the statistical
framework used. Bayesian inference can be challenging in terms of being computa-
tionally intensive, with model selection being problematic (Broms et al., 2016; Tenan
et al., 2014). These types of models often entail considerable training to code and
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interpret. Furthermore, incorporating interactions has consistently been a challenge,
requiring careful deliberation about the variables used.
1.2.1 Model Assumptions Under Community Sampling
Data collected on multiple species by a particular array of detectors (e.g., trail
cameras, traps, transects, and point counts) are a function of within-community vari-
ation in species-specific traits such as mobility, density, habitat requirements, and
behavior, as well as inter- and intra-specific interactions. For reliable inferences,
the resulting data must meet, to varying levels of strictness, specific model assump-
tions (MacKenzie et al., 2017): demographic and geographic closure, independence,
correctness in identification, and ecological similarity. Whether these assumptions are
met is related to the ecological traits of the species of interest and the spatiotemporal
characteristics of the monitoring design. It follows, therefore, that inherent variability
in ecological traits within a community produces variability in the extent to which
assumptions are violated or adhered to. For instance, the home range size of the
species is correlated tightly with the assumptions of geographic closure and indepen-
dence. Therefore, the issue of whether community-level inferences are reliable is more
of a design-based than a model-based consideration, yet current developments and
publication trends would suggest the reverse.
The basic assumptions of an MSOM are similar to those of the SSOM and include:
• Geographic and Demographic Closure: The sites represent closed popu-
lations, and there are no births, deaths, colonization, or extinction in the span
of the surveys. When this assumption is violated, there tends to be an over-
estimation of occupancy while detection is low, which leads to inflated species
richness estimates (Kéry & Royle, 2015). This assumption can be maintained
with the help of a priori simulations that inform study design and assist in
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identifying the spatial and temporal replicates necessary, as well as being cog-
nizant of detector attributes with regard to species traits such as home ranges,
rarity, elusiveness, and mobility (Linden et al., 2017).
• Independence: At a site, the probability of detecting a species and that of the
site being occupied are independent of the occupancy and detection probabil-
ity of another site. Violations of this assumption typically happen when there
is oversampling or clustered sampling (instead of a random sampling scheme),
especially while using camera traps and acoustic recording equipment, during
studies involving rare and elusive species. The number of sampling units as
well as the sampling methodology have an impact on whether this assump-
tion is violated, while spatial correlations often do not result in a violation.
Any autocorrelation and violations of this assumption can be tested statisti-
cally (Wright et al., 2016). A violation of this assumption can lead to over-
estimated precision for species occupancy, detection, and richness (McNew &
Handel, 2015). One solution proposed to address this problem and decrease
uncertainty around the estimates involves modifying the detection-level com-
ponent of the model (Wright et al., 2016). This could, for instance, involve
determining detector spacing during study design based on the home ranges of
the study species, identifying adequate number of replicates and detectors, and
the optimal distance between detectors for the community study.
• Accurate identification: Errors in species identification, either due to fluc-
tuations in detectability or observer error, can significantly impact and bias
occupancy estimates (Dorazio et al., 2011). This assumption could be violated
in surveys where the detection and identification of species is through their
vocalizations (e.g., amphibians, birds, insects) where misidentifications often
occur (McClintock et al., 2010; Simons et al., 2007). This is also problematic
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in situations where the skill level of the observers is variable (Genet & Sar-
gent, 2003). A violation of this assumption could result in an overestimation of
species through erroneous detection at sites where they were actually absent.
One mechanism to address this issue is through the inclusion of parameters
for false-positives as well as false-negatives in detection (Royle & Link, 2006),
although this may not be effective where the misidentification and detection
probabilities are similar.
• Ecological similarity: Often community monitoring studies assume that species
in the community are similar, resulting in species-specific random effects that
are drawn from the same distribution, typically the bivariate normal distri-
bution (Kéry & Royle, 2015). A consequence of violating this distributional
assumption is a deterioration in the occupancy, detection, and richness esti-
mates, resulting in prediction errors. This assumption can be maintained by
keeping in view the problem statement and the inferences made.
1.2.2 A Review of the Community Occupancy Modeling Literature
We conducted a literature review on MSOMs with the objectives of identifying
weaknesses in current implementations and helping inform the ideal composition of
these models. The Web of Science portal was used to identify literature pertinent to
multi-species models. The topic search term used in May 2018 was: “multi-species oc-
cupancy” OR “multispecies occupancy” OR “community occupancy” OR “two-species
occupancy” OR “joint occupancy” OR “co-occurrence of interacting species”. This
resulted in a total of 106 publications, of which 92 were relevant to this review.
These were then accessed through the multimedia data manager ViXeN (Ra-
machandran & Devarajan, 2018) as a project. Each publication was viewed and
the tags annotated. The entered data were then exported as a comma separated
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value (csv) file for subsequent analysis. The analysis was done using the statistical
package R version 3.4.4 (2018-03-15; The R Foundation for Statistical Comput-
ing) (R Core Team, 2012), which was also used for cleaning the review data, analysis,
and visualization (RStudio Team, 2018; Wickham & Chang, 2008; Wickham, 2010).
The tags were broadly classified into study question, study organisms, study area,
study period, study methods, covariates, and publication details (Figure 1.2). The
broad ecological and conservation context was inferred based on the study questions.
There were 92 publications involving field-based multi-species occupancy studies
published between 2009 and 2018 (Figure 1.3) considered for this systematic review.
The number of studies for the year 2018 only cover the first half of the year when data
collection for the review was completed. Based on the year of publication, there seems
to be a general and consistent increasing trend in studies involving MSOMs (Fig-
ure 1.3).
The field studies spanned 6 continents (Antarctica is the exception) and 27 coun-
tries (Figure 1.4). However, a majority of the studies were conducted in North
America, particularly the USA (Figure 1.4), suggesting a geographic bias in MSOMs.
Moreover, marine and aquatic communities were vastly underrepresented suggesting
a taxonomic bias towards terrestrial organisms. Vertebrates are much better cov-
ered than other taxa. These trends have been highlighted as issues for biodiversity
data (Geijzendorffer et al., 2016).
The focus of the studies was variable. Many of the studies involving MSOMs were
interested in questions relating to species richness, species conservation, and habitat
conservation. Total species richness or taxonomic diversity, along with phylogenetic
and functional diversity, is considered to be extremely influential for conservation,
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Co-occurrence dominant-subordinate species 
interactions (static model, practical for <4 species)
Explicit specification of 
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Figure 1.1. Key methodological developments in the history of MSOMs.
The associated publications for these are hyperlinked for convenience. The
developments related to species interactions are in grey boxes.
management, and policy decisions (Guillera-Arroita et al., 2019). Although species
richness was mentioned to be the focus of about 40% of the studies in the review,
most of them (84%) do not report the total number of species found in the study.
Given the importance of study design in occupancy studies (Guillera-Arroita et al.,
2010), the transfer of design considerations is unlikely to be seamless between the fo-
cal and bycatch species. It is necessary to account for these disparate design require-
ments, or at least acknowledge the biases and errors associated with this in MSOMs
involving bycatch data. About a quarter of the studies (27 of 92) considered in the
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Figure 1.2. Concept key and tags included in the literature review. The
variables considered as important predictors by studies used in the review are
categorized into climatic, habitat, species traits, and anthropogenic variables in the
table below the concept key.
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Figure 1.3. The trend in publications covering multi-species occupancy
models over the years. The literature review covers studies that were published
until April 2018. The light grey bars represent the number of studies that were not
considered for the review including those that were outside the scope of the review.
review mention the presence of other species in the area which can be considered
bycatch, albeit without providing a list outside of the focal species. Approximately a
third of the studies (31%) provide an estimate of the number of bycatch species that
were found. However, it is difficult to glean exactly how many of the publications
analyzed bycatch species from a study that was originally designed for different focal
species, although some of the studies alluded to this (24 out of 92 studies). The
actual number of bycatch species ranged from 1 to 472 (Kingdom: Plantae), with a
majority of studies mentioning less than twenty.
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(a) Global distribution of field locations of studies considered in the review.
(b) Global distribution of author affiliations of publications considered in the review.
Figure 1.4. Study field locations and author affiliations of multi-species
occupancy studies of the publications considered in the review indicate a
match between the two. Field studies tended to have at least one collaborator
from the country who is an author on the publication, with a few exceptions, such
as a mismatch in parts of Central and South America, and disproportionately more
authors from North America and Australia included in publications overall.
There might be an underestimation of species richness when relevant predictors
are not included in the model, such as the habitat covariates used, the choice of detec-
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tion covariates, and whether biotic interactions need to be considered for occupancy
or detection (Guillera-Arroita et al., 2019). Biotic interactions are crucial in commu-
nity ecology studies and are known to be important predictors of species distribution
patterns (Pollock et al., 2014; Rota et al., 2016; Ovaskainen et al., 2017). Species
detectability needs to be factored in as well so as to reduce the number of species
missed (Dorazio & Royle, 2005; Zipkin et al., 2010; Karenyi et al., 2016). Despite the
critical nature of detection covariates, as many as 15 papers (16%) did not explicitly
mention which detection covariates were used. Often the rationale behind the choice
of predictors was not mentioned either. Only 28% of the publications in this review
mentioned considering biotic interactions for either occupancy or detection. A major-
ity of the studies in the review did not explicitly state the detectability of the species,
not even qualitatively (e.g., the species was easily detected).
Reporting on spatial and temporal aspects of the studies was also lacking. Of
the studies considered in the review, almost a quarter (23%) did not report the
number of sampling occasions or temporal replicates, 15% made no mention of a
temporal scale for the whole study, and close to 90% did not provide any justification
on their choice of temporal scale. The same rationale applies to the spatial scale
and number of sampling sites or spatial replicates as well. While a majority of the
studies (88%) report the number of spatial replicates, approximately half of them (44
out of 92 studies; 47%) have no mention of the spatial scale and only 15% of the
total studies provide any justification for the spatial scale of the study. Most of the
studies were conducted in protected areas which could be a potential source of bias
since inference is restricted to a single type of area and under specific management
conditions (namely, protected). In the same vein, most studies were conducted in the
summer (see Appendix for Chapter One), which could also result in inference and
reporting biases.
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Figure 1.5. A schematic workflow and roadmap for best practices while
implementing an MSOM. Conceptual representation of an ideal protocol for
multi-species studies, from a priori simulations to reporting results. The research
questions and objectives for the study would determine the type of data that are
likely to be used for obtaining the occupancy estimates; in case of existing data,
such as from citizen science projects or involving bycatch from a study designed for
focal species, the steps followed would differ from when a study is planned for focal
species from the ground up.
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Incomplete reporting was a problem in other areas as well. Only a small fraction
of the studies (15 out of 92) even mention the number of species that went undetected
during the course of the research. While nearly all the studies provide some infor-
mation on the detectors used, 57% provide no information on the detector make and
66% do not state the spacing between detectors. Nearly a quarter (23%) of the stud-
ies provide little or no information on the implementation of the study and sampling
methodology employed, such as whether they followed a systematic, random, or strat-
ified random sampling approach. Decisions related to the detectors used including
the type of detector, spacing between detectors, and the implementation (sampling
methodology) need to be given considerable thought. Detector spacing is typically
calibrated in relation to a specific focal species and thereby affecting the detection of
bycatch species with different space usage.
Typically, the longer the monitoring, the higher the chance of detecting most or
even all of the species present in an area (Guillera-Arroita et al., 2019), as long as
the assumptions of demographic and geographic closure are met. In some cases, more
visits or temporal replicates do not necessarily correspond with higher detection, and
there is a trade-off between effort and detection estimates. By and large, however, the
temporal scale is positively correlated with a reduction in the possibility of missing
species (Guillera-Arroita et al., 2019). Given this, a justification of the temporal scale
chosen and employed in MSOMs is of immense importance.
It was challenging to identify the studies that evaluated assumptions of demo-
graphic and geographic closure. These are crucial assumptions of MSOMs, given the
inevitable differences in life-history traits among species in a community, on which
reporting was extremely sparse. An explicit method to test closure is by fitting an
open MSOM using Pollock’s robust design framework (Pollock, 1982) over short time
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intervals and evaluating the parameter constraints (Rota et al., 2009). An indirect
way to glean this information from the studies is by checking if studies conducted
Goodness-of-Fit (GOF) (Broms et al., 2016) tests or temporally thinned their data to
see if signs changed. However, this was challenging as well since the use of GOF tests
and temporal thinning of data went largely unreported (Zipkin et al., 2009). Alterna-
tively, staggered-entry SSOMs (Kendall et al., 2013) which permit inference about the
within-season patterns of species arrival and departure at sampling sites (Chambert
et al., 2015) could be used to test closure of the system.
The review shows a slant in the literature towards the use of Bayesian mod-
els for obtaining multi-species occupancy estimates, with about 65% of the studies
implemented using some instance of BUGS, JAGS, or stan. The choice of priors is
considered crucial in Bayesian analysis and has been found to bias estimates (Guillera-
Arroita et al., 2019). For instance, choosing incorrectly informative priors is likely to
result in a frequentist bias. Despite the importance of prior definition in the Bayesian
framework, most studies do not elaborate on the decision process involved. Only
half of the studies using Bayesian methods reported the kind of prior that was used,
with more than 70% of these (24 out of 33 studies) indicating uninformative priors.
Lastly, simulation studies are considered important in evaluating the sensitivity of
the estimates obtained in the application to empirical data (Peck, 2004; Kleijnen,
1998). Only 14 of the 92 publications considered for this review indicate having used
simulations in order to gauge model sensitivity.
1.3 Best Practices for MSOMs
Based on our literature review, we propose a framework outlining best practices
for implementing an MSOM (Figure 1.5). The MSOM should start with a simulation
study which is done a priori based on the researchers’ knowledge of the study system,
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in order to calibrate the study design. MSOMs will be more or less sensitive to some
factors such as detectability, detector spacing, and certain covariates. The study
needs to be carefully designed as not to violate assumptions of closure; considering
timing of reproduction and dispersal is key.
The study question determines the design. During this phase, it is important to
ascertain whether the study question can rely on existing data (e.g., citizen science
and bycatch datasets) or whether new data need to be collected. Appropriate de-
tection methods would have to be chosen based on the nature of the study. This
would, in turn, lead to deciding on adequate spacing between the detectors, as well
as the spatial and temporal replicates necessary. It is also important to be cognizant
of heterogeneity in observers and detectors, which can subsequently help account for
imperfect detection.
If the ecological system involves focal species, species characteristics such as home
ranges and space usage, detectability, and behavior will need to be considered. On
the other hand, if the focus is a community of species or in situations where by-catch
species from an existing study are considered, community characteristics will need to
be taken into account. These include taxonomic, phylogenetic, and functional diver-
sity, as well as species detectability and traits distribution, and interactions among
species (Pollock et al., 2017; Guillera-Arroita et al., 2019). In addition to the species
and community characteristics, it is crucial to consider site characteristics as well
as the survey conditions which account for any spatio-temporal variation in the sys-
tem (Guillera-Arroita, 2017). Taken together, these would comprise the variables
thought to influence occupancy and abundance.
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The measurements collected for these covariates would form the data which feed
into the model. The community data collected should ideally have some estimate of
the proportion of missed species as well as the bycatch data used. This is necessary
since not accounting for these could result in poor species richness estimates, lead-
ing to inference bias (Guillera-Arroita et al., 2019). Similarly, during the modeling
process, adequate thought needs to be given to the choice of priors and parameter
assumptions. Failure to do so could result in overestimation of species richness esti-
mates. If there were any missing covariates, or in situations with low detectability
or abundance, there could be inference bias in the form of underestimation of species
richness. Lastly, not accounting for biotic interactions could result in biased richness,
occupancy, and abundance estimates (Tobler et al., 2019).
Finally, once the study has been completed, when publishing the research, the
data, algorithms, and workflows used should be reported (Powers & Hampton, 2019).
We recommend following the FAIR (Findability, Accessibility, Interoperability, and
Reusability) guiding principles for managing scientific data (Wilkinson et al., 2016).
Scientific data may be standalone, citable products due to which the research objects
such as the methodology, algorithms, and workflows used should be reproducible,
and the data and code reusable. This makes the data easier to find and access, and
enhances the authenticity of the research. Issues such as the lack of information on the
statistical modeling aspects such as the priors used can be minimized by sharing the
supplemental code for running the model. Similarly, information on whether model
validation was done and checking for any violations of model assumptions ought to
be provided as supplemental code.
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1.4 Conclusions and Synthesis
MSOMs are increasingly being used to monitor species distribution and abun-
dance (Beaudrot et al., 2016). The assumptions and limitations of the traditional
single species models propagate to the multi-species framework, with some additional
factors that need to be considered. MSOMs are important since they are resource
efficient, capable of accounting for biological interactions such as competition and
predation, used for existing data, and can be used to monitor entire landscapes and
communities, as opposed to just one species. By allowing the monitoring of spatio-
temporal changes in community and metacommunity size, composition and function-
ing, the framework thus allows inference at local, landscape and macro scales.
Conservation and management plans tend to target either a species or region of
conservation importance (Zipkin et al., 2010). Focusing on a single species frequently
results in ignoring other interacting organisms, consequently introducing biases which
are often not accounted for. When the focus is on a region, it is more efficient to look
at community-level distribution and abundance patterns in order to design an appro-
priate management plan.
A common method for monitoring programs at the habitat level involves estimat-
ing species richness and composition, both of which can vary across the landscape
due to biotic and abiotic factors. Due to this reason, it is important to consider
species-specific detection when community-level studies are implemented. A multi-
species occupancy approach is likely to provide better species richness and community
composition estimates by simultaneously accounting for imperfect detection as well
as species rarity and elusiveness. Furthermore, there are likely to be differences in
the responses to habitat changes based on whether the taxa are rare or common.
This too has implications on the detection of the species. Statistical tools to un-
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derstand community-level dynamics and species-specific distribution estimates are
gaining traction. However, so far, despite the increasing popularity of community
models, incorporating biotic interactions is not common due to several reasons, in-
cluding but not limited to logistical and statistical challenges.
With technological and statistical advances, and a growth in citizen science ini-
tiatives, distribution studies are resulting in increasingly large datasets that need to
be managed (Hampton et al., 2013; Hines et al., 2015; Sun et al., 2019). There has
also been an associated increase in software to manage such projects (Ramachandran
& Devarajan, 2018; Thomson et al., 2018; Young et al., 2018; Bubnicki et al., 2016;
Krishnappa & Turner, 2014; Niedballa et al., 2016).
The importance of including detailed information on (meta)data and following
best practices is not only of concern to researchers. Evaluating the robustness of
specific studies is also relevant to conservation biologists and wildlife managers who
apply these tools, write transparent reports to inform decision-making processes, and
ensure that their study follows an acknowledged protocol. In addition, having de-
tailed information on (meta)data and followed best practices enhances the reusability
of data (Wilkinson et al., 2016). In light of policy reporting needs and the recently
proposed Essential Biodiversity Variables (Pereira et al., 2013; Kissling et al., 2018),
MSOMs can simultaneously provide estimates of community composition, species
populations (i.e., occupancy), and species traits. These are essential measurement
classes required for the study, reporting, and management of biodiversity changes.
The linking of multi-faceted biodiversity metrics (i.e., taxonomic, phylogenetic and
functional) with spatial conservation science can help identify more efficient strategies
for the conservation of biological diversity (Pollock et al., 2017). Given this, the proper
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use of analytical tools like MSOMs, that provide estimates of biodiversity metrics
while accounting for imperfect detection, will be fundamental to robust inference.
Data Accessibility
The dataset associated with the literature review has been deposited in the online
data repository Figshare: https://doi.org/10.6084/m9.figshare.11608449.v1.
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CHAPTER 2
MULTIPLE DIMENSIONS OF CARNIVORE
COMMUNITY DIVERSITY ACROSS THE GLOBAL
TROPICS
Abstract Carnivores are threatened by anthropogenic change at the global scale
with richness decreasing as a function of disturbance. Given the charismatic nature
of carnivores, they are often considered flagship species for conservation purposes.
Broadly, decreases in biodiversity often diminish ecosystem function and stability, in
addition to diluting the evolutionary history of communities. However, the relation-
ship between the taxonomic, phylogenetic, and functional diversity of communities is
not well understood. Here, we use a dataset of 515 carnivore communities in protected
areas (PAs) across the global tropics and sub-tropics including species traits such as
body size and diet, International Union for Conservation of Nature (IUCN) Red List
status, and environmental variables associated with the PAs to study how different
biodiversity metrics track one another. We use these measures of biodiversity to help
identify global hotspots for carnivore conservation.
2.1 Introduction
“Nothing in biology makes sense except in light of evolution” – Theodosius
Dobzhansky.
“And many, if not most, of the compelling kaleidoscope of patterns in biological
diversity make little sense unless placed in an explicit geographic context.” – Mark
Lomolino (Biogeography - A Very Short Introduction)
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Mammalian carnivores belong to the species-rich order Carnivora and are dis-
tributed widely, spanning several biogeographical realms and all continents, and are
found in marine, aquatic, and terrestrial environments (Gittleman, 2019). Carnivore
diversity patterns are considered critical measures of overall ecosystem health due
to their sensitivity to anthropogenic disturbance while carnivore community richness
corresponds with overall mammalian diversity in different landscapes (Gittleman,
2019; Loiseau et al., 2020). However, carnivores are under enormous threat from
habitat loss, poaching, prey depletion, global change, and disease (Gittleman et al.,
2001; Gámez & Harris, 2020). While several species are considered endangered, some
are on the verge of extinction, with many terrestrial carnivores experiencing range
contractions (Wolf & Ripple, 2017).
Carnivores form an integral part of ecosystem function, directly and indirectly
influencing the environment through biotic interactions (Ripple et al., 2014). For
instance, they exert top-down control on a variety of prey species and influence the
distribution and habitat use of other predators through competitive interactions as
well as intra-guild predation (Palomares & Caro, 1999; Gompper et al., 2016). Trop-
ical systems harbor a disproportionately high amount of biodiversity and biomass.
However, habitats in the global tropics are facing threats ranging from deforestation
and fragmentation to invasives and climate change (Hansen et al., 2013; Wolf & Rip-
ple, 2017; Cartagena-Matos et al., 2017). Carnivores in the tropics are especially
vulnerable to the impacts of global change. Given the importance of carnivores, it is
of high conservation priority to understand the processes and patterns driving carni-
vore community assemblages in tropical systems (Linnell et al., 2001; Loyola et al.,
2008).
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It is, therefore, critical to initiate and bolster conservation action for such species.
However, there are ecological, socio-economic, political, and epidemiological chal-
lenges to carnivore conservation (Sillero-Zubiri et al., 2001, 2004; Wolf & Ripple,
2017; Cartagena-Matos et al., 2017; Loyola et al., 2008; Morcatty et al., 2020; Mendi-
ratta et al., 2021). Possibly as a consequence of these challenges, prioritizing the
conservation needs of and implementing management plans for carnivores have his-
torically focused on a single species of interest (Devarajan et al., 2020). Neverthe-
less, given the resource-intensive nature of wildlife monitoring, there seems to be
increasing interest in community-level studies involving different species in a variety
of landscapes (Devarajan et al., 2020). Patterns of carnivore community composi-
tion, richness, and distribution have been studied at various scales (Linnell & Strand,
2000; Linnell et al., 2001; Loyola et al., 2008; Schuette et al., 2013; Davis et al., 2018;
Gompper et al., 2016). However, research on other dimensions of diversity impacting
carnivore communities at the global scale, such as phylogenetic and functional diver-
sity, is lacking (Herrera, 2017). Similarly, little is known about the degree to which
these dimensions of diversity are reflected in carnivore community composition and
richness across the globe (Pollock et al., 2017).
Table 2.1. Summary of the regions covered and the corresponding
number of PAs considered as well as total mammal and carnivore
richness for each region.






Africa 170 277 71
Madagascar 105 107 9
Indomalayan 120 242 77
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DD − Data Deficient
LC − Least Concern
NT − Near Threatened
VU − Vulnerable
EN − Endangered
Figure 2.1. Bar plot of number of carnivoran species in each IUCN Red
List category.
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Table 2.2. Summary of number of carnivores that fall under different







Data Deficient (0) 2 Africa
Least Concern (1) 118 Africa, Madagascar, Indoma-
layan, Central & South America
Near Threatened (2) 26 Africa, Indomalayan, Central &
South America
Vulnerable (3) 32 Africa, Madagascar, Indoma-
layan, Central & South America
Endangered (4) 18 Africa, Madagascar, Indoma-
layan, Central & South America
Conservation plans generally have two broad objectives: (i) prioritizing certain
rare or at risk species, and (ii) conserving habitats or communities (Herrera, 2017;
Pimm, 2021). To address both these objectives, we characterize the carnivore com-
munities based on the dimensions of threat levels of carnivorans as well as overall
diversity of carnivore communities in 515 protected areas in the global tropics and
sub-tropics. We ask (i) how do carnivore community size and composition vary across
the global tropics and subtropics?; (ii) do more diverse carnivore communities cor-
respond with more rare or distinctive taxa?; and (iii) how is carnivore community
size related to phylogenetic and functional diversity? Specifically, we identify bio-
diversity metrics to understand: (Q1) how do species traits such as diet and body
mass correlate with carnivore community richness? and (Q2) how does phylogenetic
diversity relate to carnivore community diversity? We then build on these biodiver-
sity metrics to identify conservation metrics to answer: (Q3) does carnivore body size
correspond with conservation status? and (Q4) does protected area size influence
carnivore community richness?
53
We combine carnivore community richness data, carnivore trait data, bioclimatic
variables, and protected area features such as location and size to understand how
multiple measures of biodiversity relate to one another (Q1 and Q2). We use multiple
biodiversity metrics to identify global hotspots for carnivore conservation (Q3 and
Q4). We predict that body size and diets of the carnivores would be important
determinants of carnivore community structure (Ripple et al., 2014; Gittleman, 2019)
(Q1). In all regions, we expect carnivore community richness to correspond with
increasing phylogenetic diversity (Jensen et al., 2016) (Q2). In terms of conservation,
we predict that carnivore body size is likely to be related to threat status where larger
carnivores are more threatened (Gittleman, 2019) (32). We do not expect protected
area size to influence carnivore community richness since generally environmental
heterogeneity is considered more influential than area (Udy et al., 2021) (Q4).
Figure 2.2. Map of carnivore communities in 515 protected areas across
the global tropics and sub-tropics color-coded by carnivore species
richness in each community. This map covers three biogeographical regions
spread across four continents, namely: Afrotropics (including Madagascar), Central















































































































































































































































































































































































































































































































































































































































































































































































































































Figure 2.3. Phylogeny of all carnivores considered in this study.
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This study provides insights on the variation in carnivore community metrics such
as diversity and distribution in tropical protected areas. We found regional differences
in the influence of phylogenetic and functional traits on carnivore community richness,
which are likely due to the divergent evolutionary and biogeographical histories of
the regions (Fleagle & Gilbert, 2006; Svenning et al., 2015). Our results indicate
that the different biodiversity metrics (taxonomic richness, endemism, evolutionary
distinctiveness, and phylogenetic diversity) do not align perfectly in the different
regions. We highlight the importance of considering evolutionary histories along with
other biodiversity metrics for carnivore conservation at the community level.
2.2 Methods
We utilized a subset focusing only on carnivores from a checklist-based dataset
on 515 mammal communities in protected areas of the global tropics and subtrop-
ics (Rowan et al., 2020). This resulting dataset consisted of 515 carnivore communi-
ties covering the Afrotropical (n=170), Malagasy (n=105), and Indomalayan (n=120)
biogeographical realms, as well as the Central and South American region (n=120)
(Tables 2.1 and 2.2). Across the global region considered, the carnivore dataset was
composed of 196 species from a single order (Carnivora), 13 families, and 96 genera.
We also created a dataset of protected area size (in km2) from Protected Planet:
The World Database on Protected Areas (WDPA) (UNEP-WCMC & IUCN, 2020;
Hanson, 2020). This includes data on 515 protected areas from 62 countries across
four continents (Africa, North America, South America, and Asia) and three biogeo-
graphical realms (Afrotropics including Malagasy, Central and South America, and
Indomalayan).
We extracted functional trait data for each of the carnivore species (Rowan et al.,
2020). For functional trait analyses, we utilized body mass (species average mass in
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grams) and species threat status based on the International Union for Conservation
of Nature (IUCN) Red List of Threatened Species (IUCN, 2021) (Data Deficient,
Endangered, Least Concern, Near Threatened, and Vulnerable) obtained through
Phylacine (Faurby et al., 2018). We also used diet data (consumes vertebrates, mam-
malian / avian / reptile-amphibian / fish / invertebrate prey, and/or plant matter such
as seed / fruit / nectar / root / woody / herbaceous / other) from the MammalDIET
dataset (Kissling et al., 2014).
We used correlation matrices to determine the relationship between different vari-
ables for each protected area in the checklist. We removed communities with less
than three species (only three sites in Asia) for this analysis. The traits [Table 2.3]
used for the correlation matrices were body mass and dietary principal coordinates
analysis (PCoA; first two axes, PCoA1 and PCoA2) obtained from (Rowan et al.,
2020). PCoA is a multidimensional scaling technique used to explore similarities and
differences in data. More simply, it is a method to reduce the dimensionality of the
dataset, which allows for a more easily interpretable comparison of the samples.
The dietary PCoA was based on the MammalDIET dataset (Kissling et al., 2014).
A subset of this dataset (Rowan et al., 2020) focused on 13 food groups consumed by
mammal species (including the carnivores considered in this study) to characterize
dietary diversity. This subset mammal community data involved MammalDIET rank
scores for each species such than a rank of 0 corresponds with ‘food category not
consumed’, 1 with ‘food category rarely consumed’, 2 with ‘food category frequently
consumed’, and 3 being ‘primary food category’. PCoA1 and PCoA2 accounted for
nearly 83% of variation in the mammal diets.
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We used the the species-level mammal phylogeny of Faurby and Svenning (Faurby
& Svenning, 2015) for the phylogenetic analyses since it is a comprehensive and robust
species-level estimate and includes all the carnivores considered in this study. Further-
more, this phylogeny is consistent with current IUCN Red List classification (IUCN,
2021). The biodiversity metrics (Kraft & Ackerly, 2010) used were range (trait range
in a community where higher values indicates greater range), SDNDr (the standard
deviation of neighbor distances of trait values for species within a community divided
by the overall trait range of that community where higher values indicate greater
spacing in niche space for community members), NRI (the net relatedness index or
average phylogenetic distance among all species within a community where lower val-
ues indicate higher overall phylogenetic diversity), and NTI (the nearest taxon index
or phylogenetic distance between the two most closely related species in a commu-
nity where lower values indicate greater phylogenetic distance). For functional trait
analysis, a constant (100) was added to all values when logging. The rationale for
choosing these measures was to understand how the trait values ‘scale up’ from the
species level to that of the carnivore communities.
In the correlation matrices [Figure 2.5 ; see Table 2.3 for variable key], BM.Range,
PCoA1, and PCoA2 are trait ranges in a community where higher values correspond
with greater range. SDNDr (for BM, PCoA1, and PCoA2) is the standard deviation
of neighbor distances of trait values for species within a community divided by the
overall trait range of that community where higher values correspond with greater
spacing in niche space for community members. NRI is the average phylogenetic
distance among all species within a community where lower values correspond with
higher overall phylogenetic diversity, and NTI is phylogenetic distance between the
two most closely related species in a community where lower values indicate greater
phylogenetic distance.
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For each protected area (PA), we characterized 19 modern bioclimatic variables
representing various measures of rainfall and temperature These variables were com-
piled from WorldClim (Hijmans et al., 2005) and are presented in Appendix C. The
central latitude and longitude for each protected area were used to obtain present-day
bioclimatic data at 2.5’ resolution.
2.3 Results
Total carnivore richness considered in this study is 196 species across 62 countries
in the Afrotropics, Indomalayan, and Central and South American regions, spanning
13 families (Figure 2.2). The most species-rich families are: Felidae and Herpesti-
dae (n=34) followed by Mustelidae (n=33), Viverridae (n=30), and Canidae (n=27)
(Figures 2.3 and 2.4). The carnivores that occur in more than one biogeographical
realm are: golden jackal (Canis aureus), caracal (Caracal caracal), wildcat (Felis sil-
vestris), striped hyena (Hyaena hyaena), honey badger or ratel (Mellivora capensis),
and leopard (Panthera pardus). All of them are found in both Africa and the Indo-
malayan region. Carnivore community richness (25 to 30 species per protected area)
is highest in south-central and east Africa, parts of west Africa, and south and south-
east Asia (including the Himalyan belt) (Figures 2.2 and 2.4). The most depauperate
regions of the global tropics and subtropics in terms of carnivore richness are Mada-
gascar and southern South America (Figure 2.2). While a majority of the carnivores
fall under the IUCN Red List category of Least Concern (Figure 2.1), when body size
was considered in combination with threat status (Figure 2.6), we found that larger





























































































































































































































































Figure 2.4. The distribution of protected areas color-coded by carnivore
community size in each location and the phylogenetic structure of the
carnivore species considered in this study in each of the major










Figure 2.5. Correlation matrices of multiple biodiversity metrics in
relation to carnivore richness for each of the major biogeographical
regions considered in this study. Carnivore Richness : Carnivore community
size ; NRI : Net Relatedness Index ; NTI : Nearest Taxon Index ; BM.Range: Body
mass range ; BM.SDNDr : Body mass SDNDr (standard deviation of neighbor
distance divided by the overall range) ; PCoA1.Range and PCoA2.Range: Principal
Coordinate Axes (PCoA) 1 and 2 of diet range ; PCoA1.SDNDr and
PCoA2.SDNDr : PCoA 1 and 2 of diet SDNDr. The color gradient scale indicates
the strength and direction of correlation. (See Appendix B for higher resolution
images for each continent.) 61
2.3.1 Biodiversity Metrics
(Q1) Relationship between carnivore community richness and species
traits
As expected, carnivore richness in Africa, the Indomalayan region, and Central
and South America was correlated with body mass range and dietary axes range with
regional differences in degree and extent of correlation (Table 2.3 and Figure 2.5).
Carnivore richness in Africa was positively correlated with body mass range of the
species. For the Indomalayan region, carnivore richness was moderately positively
correlated with body mass range and strongly negatively correlated with the second
dietary axis (PCoA2.SDNDr). In Central and South America, carnivore richness was
strongly positively correlated with the dietary range (PCoA2).
(Q2) Relationship between carnivore community richness and phyloge-
netic diversity
The NRI values for carnivore communities in all three regions were low, indicating
high overall phylogenetic diversity. The overall phylogenetic diversity was highest in
Central and South America and lowest in the Indomalayan region, with African com-
munities being intermediate. For Africa, richness was negatively correlated with NRI
(lower values are indicative of higher overall phylogenetic diversity). In other words,
carnivore richness in African communities corresponded with greater phylogenetic di-
versity. In the Indomalayan region, PCoA2 range was positively correlated with NRI
(higher values indicating lower overall phylogenetic diversity) and negatively corre-
lated with body mass range as well as NTI (indicating higher phylogenetic distance).
In Central and South America, the NTI was strongest for dietary axes as well for
this region (strong negative correlation and low values indicate greater phylogenetic
distance). The carnivore richness for this region seemed to correspond with greater
phylogenetic distance in general.
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2.3.2 Conservation Metrics
(Q3) Relationship between carnivore body size and conservation status
Most small carnivores (< 10 kg) are endangered, near threatened, or vulnerable,
while most medium-sized carnivores (> 10 kg) are vulnerable. Ten of the 16 endan-
gered and 13 out of 32 vulnerable carnivores were found in the Indomalayan region,
amounting to 23 out of 48 threatened carnivores, about half the threatened carnivore
species in the tropics. The Indomalayan region has about 40% of total carnivore
richness (77 carnivorans out of 196 carnivore species considered here) which corre-
sponds with a disproportionate number of threatened species (62% endangered and
40% vulnerable carnivores). The smallest carnivore is the mountain weasel (Mustela
altaica), which is found in the Indomalayan region, weighs 171 grams, and is near
threatened. The two carnivores with the highest body mass are also found in Indo-
malaya - the tiger (Panthera tigris) which has a mean weight of about 160 kg and is
endangered, and the brown bear (Ursus arctos) which has a mean weight of 180 kg
and is categorized as least concern.
The majority of the species are considered to be of Least Concern (LC) according
to the IUCN Red List threat classification (Figure 2.6). The two carnivores that
are Data Deficient (DD; Pousargues’s mongoose - Dologale dybowskii and Abyssinian
genet - Genetta abyssinica) are both with low body mass and found in Africa. Several
large carnivores (> 25 kg) seem to be of LC. However, the majority of large carnivores
are considered Endangered (EN), Vulnerable (VU), or Near Threatened (NT).
(Q4) Relationship between carnivore community richness and protected
area size
Protected area sizes varied from 0.25 km2 (La Selva Biological Station in Costa
Rica) to 251569.05 km2 (Pantanal Wetlands in Brazil) (Figures 2.8 and 2.9). For the
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410 protected areas across countries in continental Africa, Central and South America,
and the Indomalayan realm, there does not seem to be a correlation between protected
area size (in km2) and carnivore community richness. This absence of any significant
species-area relationship (Figures 2.8 and 2.9) is likely to be a consequence of envi-
ronmental heterogeneity and bioclimatic gradients such as elevation and precipitation
ranges being better predictors of species richness patterns than PA size (Udy et al.,
2021; Mazel et al., 2014). This is particularly stark in the Indomalayan region where
protected areas tend to be small but having substantial heterogeneity with large ele-
vation and precipitation gradients and disproportionately high carnivore community
richness (in fact the highest of all the biogeographic regions considered here).
Bioclimatic variables considered in this study for each of the major biogeographic
regions in the global tropics and subtropics are available in Appendix B. This includes
maps of protected areas in each region color-coded with mean annual temperature
and mean annual precipitation. Appendix B also includes plots for the Indomalayan
region as well as Central and South America that correspond to the variation in
species richness with latitude of protected areas as well as regional variation of all 19
bioclimatic variables considered here.
2.3.2.1 Carnivore Diversity and Conservation in Madagascar
Madagascar was considered separately from the other major biogeographical re-
gions in terms of carnivore diversity, richness, and conservation (Cartagena-Matos
et al., 2017; Herrera, 2017) (Figure 2.7). Given the unique geological history of the
region, there is a high degree of endemism in the island (Battistini & Richard-Vindard,
2013). The country is also susceptible to a range of anthropogenic impacts particu-
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DD − Data Deficient
LC − Least Concern
NT − Near Threatened
VU − Vulnerable
EN − Endangered
Figure 2.6. Boxplot showing the relationship between number of species
in each of the IUCN Red List categories and the body mass of the
species in kilograms. DD : Data Deficient ; LC : Least Concern ; NT : Near
Threatened ; VU : Vulnerable ; EN : Endangered.
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Figure 2.7. Community richness and phylogenetic diversity of carnivore
communities in Madagascar. Malagasy carnivore images: Wikimedia
Commons.
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The Malagasy carnivore community is distinct due to the small size of and high
relatedness among the species. Of the nine carnivoran species found in Madagascar,
all are of small body mass (<10 kg), endemic, and rank high on distinctiveness de-
spite low relative richness compared to other regions.
The Malagasy carnivores belong to a single family (Eupleridae) and seven genera,
all of which are endemic to Madagascar, found nowhere else on the planet, and threat-
ened by habitat destruction as well as predation and competition with non-native
species. Out of these species, three are endangered (western falanouc - Eupleres ma-
jor, Grandidier’s mongoose or vontsira - Galidictis grandidieri, and narrow-striped
mongoose - Mungotictis decemlineata) and five are vulnerable (fossa - Cryptoprocta
ferox, Eastern falanouc - Eupleres goudotii, Malagasy civet or fanaloka - Fossa fos-
sana, broad-striped Malagasy mongoose - Galidictis fasciata, and Malagasy brown-
tailed mongoose or salano - Salanoia concolor), while only one carnivore native to
Madagascar is of least concern (ring-tailed vontsira - Galidia elegans). While Mala-
gasy carnivores tend to be of small body size, a disproportionate number of these
carnivores are threatened, with 8 out of 9 carnivores categorized as endangered or
vulnerable. This is anomalous with threatened carnivores in the other regions consid-
ered where a larger body size corresponds with a greater threat status, emphasizing
the importance of holistically considering evolutionary history and endemism along
with other biodiversity metrics for carnivore conservation.
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Figure 2.8. The distribution of carnivore species richness and protected
areas across the major biogeographical realms in the tropics and
subtropics: Africa, Indomalayan region, and Central and South America.
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Figure 2.9. Scatterplots of the relationship between species richness and
protected area size for each major biogeographical region in the tropics
and subtropics: Africa, Indomalayan region, and Central and South
America. Yellow : Total mammal richness in each protected area; Blue: Total
carnivore richness in each protected area. The x-axis is the logarithm of protected
area size in km2 and protected area size respectively, while the y-axis is the




In this chapter we investigated: (i) how carnivore community size, structure, and
composition vary across countries in the global tropics and subtropics; (ii) whether
more diverse carnivore communities correspond with more rare or distinctive taxa;
and (iii) if carnivore community size is related to phylogenetic and functional diver-
sity. We find that there is enormous variation in carnivore community size, structure
and composition at all the major biogeographical realms we considered, spanning the
global tropics and subtropics.
The distinct patterns of carnivore community composition and richness between
the regions is likely to be influenced by the unique evolutionary and biogeographic
history of each region (Hubbell, 2001; Fleagle & Gilbert, 2006; Svenning et al., 2015;
Farris et al., 2016). No single pattern fits all regions given the varied geological
histories of Africa, Indomalaya, and Central and South America, along with the
dispersal of species through evolutionary time, resulting in distinctive community
compositions at different scales in each region. For instance, the carnivore community
richness and evolutionary distinctiveness of species is likely to vary between islands
and the mainland, as can be seen for Madagascar.
2.4.1 Biodiversity and Conservation Metrics for Carnivores
As expected, carnivore community size correlated with phylogenetic and functional
diversity (Figures 2.4 and 2.5) (Q1 and Q2). Broad trends included more species-rich
communities along eastern edges of the biogeographical regions at the continental
scale (Figures 2.1 and 2.2). The Indomalayan region was the most speciose while
lower latitudes of South America and Africa such as Madagascar had the communi-
ties with fewest carnivores. However, while the latter communities had lower richness,
they did have a high proportion of evolutionarily distinct and threatened taxa. Thus
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the most and least diverse carnivore communities both corresponded with more rare
and distinctive taxa (Figures 2.4 and 2.7).
There is substantial variation in the diets of carnivores. Many taxa are not obli-
gate carnivores and have a significant portion of their diet composed of plant matter.
We can expect body mass to be correlated with dietary range (Figure 2.5) as a gen-
eral trend such that species with higher body mass are likely to be obligate carnivores
while mesocarnivores are more likely to be omnivorous and have larger dietary ranges
with some plant matter in their diets.
Body size is an important consideration for mammal conservation especially for
species threatened by climate change (Mccain & King, 2014) (Q3). Large carnivores
influence the distribution and densities of other species through a variety of inter-
actions - predation, commensalism, competition, and mutualism (Linnell & Strand,
2000; Linnell et al., 2001; Schuette et al., 2013; Gompper et al., 2016; Jiménez et al.,
2017). By exerting top-down control, variation in the distribution and abundances
of apex predators is thought to cause trophic cascades and mesopredator release, di-
rectly and indirectly affecting species across trophic levels. Carnivores also help in
the structure and function of tropical forests through seed dispersal, pollination, and
carbon sequestration (Gompper et al., 2016; Jiménez et al., 2017). However, there is
also bottom-up control, through primary productivity and nutrient cycling, exerted
at the ecosystem level in tropical forests. Harnessing the charismatic nature of trop-
ical carnivores like the jaguar and tiger, carnivore community conservation efforts
could be a tool for tropical forest conservation and vice versa. Furthermore, both
common as well as rare carnivores are important in different ecosystems, and even
at low abundances predators are influential in ecosystem functioning (Mateo-Tomás
et al., 2017).
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When considering the influence of protected area size (Figures 2.8 and 2.9), we
found that PA size did not correspond with carnivore richness (Q4), potentially be-
cause environmental heterogeneity is considered more important for community diver-
sity (Udy et al., 2021). This means that communities in protected areas with greater
environmental heterogeneity have more speciose carnivore communities. While PAs
in the Indomalayan region might be small, the substantial habitat gradient results in
highly diverse carnivore communities. Our results highlight the importance of focus-
ing conservation efforts on both these extremes, the species-rich as well as depauperate
communities, to maximize conserving the most endangered, rare, and distinct fauna.
Evolutionary distinctiveness, phylogenetic diversity, endemism, and taxonomic
richness do not align perfectly as can be seen from our results (Figures 2.4 and 2.5).
Consequently there is a need for different priority areas and hotspots for carnivore
conservation (Isaac et al., 2007; Jensen et al., 2016; Webb et al., 2002; Mazel et al.,
2014). From a conservation perspective, it is important to understand if community
size is reflective of higher proportions of threatened taxa (for instance using IUCN
status as a metric for rarity or vulnerability to extinction) (Loiseau et al., 2020). Our
results indicate that community size at either extreme correlates with endangered
and threatened species. On the other hand, if carnivores are distributed randomly,
there is a trade-off between prioritizing communities and specific species that might
be threatened. This has direct consequences for wildlife conservation and the devel-
opment of conservation plans. For instance, given limited resources, conservationists
are often confronted with tricky issues like conserving multiple species in a community
and specific habitats which may hypothetically harbor few rare or threatened species
and protecting individual species in depauperate communities with high endemism,
rarity, distinctiveness, and potentially at the brink of extinction.
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Based on our analyses and results, considering the evolutionary histories of the
different communities in combination with species traits, abiotic factors, and con-
temporary carnivore community composition and diversity is important for carnivore
conservation. Given the number of threatened carnivores found in the Indomalayan
region and since the region is highly vulnerable to anthropogenic threats such as frag-
mentation, habitat loss, and land use change, it is emerging as a critical biodiversity
hotspot in dire need of attention for carnivore conservation.
2.4.2 Additional Considerations for Carnivore Conservation
It is also critical to identify biodiversity hotspots at large spatial scales for con-
serving carnivores at the community level keeping connectivity in perspective. In-
creasingly, there is evidence that habitat gradients and diversity are better predictors
of species richness in communities than protected area size (Udy et al., 2021; Mazel
et al., 2014). This adds nuance to the single large or several small (SLOSS) debate in
relation to protected area size (Lindenmayer et al., 2015; Udy et al., 2021; Mazel et al.,
2014). Furthermore, given that evolutionary distinctiveness, phylogenetic diversity,
endemism, and taxonomic richness do not align perfectly as seen from our results, it
is therefore important for priority areas to be identified for carnivore communities.
The 3Cs approach (Cores, Corridors, and Carnivores), a conservation planning
framework, emphasizes the role of carnivores as umbrella species as well as climate
change buffers when taken as a community (Carroll & Noss, 2021). Recent research
also shows how armed conflicts exacerbate population declines in threatened mammal
species along with associated conservation issues such as hunting and habitat degra-
dation (Mendiratta et al., 2021). These are important to take into consideration for
carnivore conservation, especially for wide-ranging, threatened, and evolutionarily
distinct carnivore taxa.
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The Serengeti Rules (Carroll, 2016) on regulation in natural systems state that:
(i) some animals are more equal than others and keystone species impact community
assembly and diversity, (ii) some species have strong indirect effects on other species
through trophic cascades, (iii) the regulation of some species depends on density, and
(iv) nature is resilient and given sufficient time and protection, systems and commu-
nities can rebound. This has been shown to hold true in multiple landscapes and
taxa including carnivores such as through the reintroduction of wolves in Yellow-
stone (Smith & Peterson, 2021) and wild dogs in Gorongosa (Bouley et al., 2021).
However there is a relationship between community richness and stability where more
species-rich communities tend to be more stable (Ives & Carpenter, 2007). This im-
plies that the impacts of carnivore introductions in communities with greater species
diversity would vary substantially from introducing a large predator into a depauper-
ate carnivore community. Similarly losing a species in a relatively speciose community
(e.g., those with 20 carnivores) is unlikely to destabilize the habitats and community
the way losing species in a depauperate community would impact landscape and com-
munity composition, structure, and function.
With technological and methodological advances including remote sensing, camera
trapping, and audio recordings, there is rising interest in modeling communities (Ik-
nayan et al., 2014; Warton et al., 2015; Ramachandran & Devarajan, 2018; Devarajan
et al., 2020). There are multiple approaches emerging to deriving biodiversity met-
rics as well as studying changes in community composition, function, and size across
space and time (Warton et al., 2015; Ovaskainen et al., 2017; Tikhonov et al., 2020;
Devarajan et al., 2020; Anderson et al., 2021). For instance, Hierarchical Modelling
of Species Communities (HMSC) is a promising framework for analyzing commu-
nity data while considering traits, phylogeny, and occurrence alonside environmental
covariates (Ovaskainen et al., 2017).
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Multispecies occupancy models (MSOMs) (Devarajan et al., 2020) are considered
robust approaches to explore the distribution of several species within a commu-
nity. They help address the problem of imperfect detection in such studies at various
scales. However they have several assumptions that should not be violated and spe-
cific conditions in order to be implemented. For instance, occupancy models are built
on encounter histories for each species at multiple sites (spatial replicates) during
multiple visits (temporal replicates). Thus, in order to use occupancy modeling ap-
proaches, it is important to keep these considerations during the study design phase.
This means that MSOMs cannot be applied for existing datasets that do not have
both spatial and temporal replicates, among other considerations including not having
species presence-absence data. In this study, at the continental scale or biogeograph-
ical realms considered, while each protected area (site) can be treated as a spatial
replicate, the presence-absence of species in each PA is based on a single snapshot of
whether the species is known to be present in the PA or not. Thus given the lack of
temporal occurrence data for the species in each protected area, MSOMs cannot be
applied for this community data.
The linking of multiple measures of biodiversity such as taxonomic, phylogenetic,
and functional metrics at different spatial and temporal scales with conservation bi-
ology helps formulate more effective strategies for biodiversity conservation (Pollock
et al., 2017; Pimm, 2021; Pease et al., 2021). Given this, the use of analytical tools
that provide estimates of biodiversity metrics is essential for robust inference and the
development of effective conservation plans.
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Table 2.3. Variables considered for evaluating biodiversity metrics.
Variable Expansion Explanation
NRI Net Relatedness In-
dex
Average phylogenetic distance
among all species within a commu-
nity (lower values = higher overall
phylogenetic diversity)
NTI Nearest Taxon In-
dex
Phylogenetic distance between the
two most closely related species in a
community (lower values = greater
phylogenetic distance)
BM.Range Body Mass Range Trait (body mass) range in a commu-








Standard deviation of neighbor dis-
tances of trait (body mass) values for
species within a community divided
by the overall trait (body mass)
range of that community (higher val-






Trait (first dietary PCoA axis) range








Standard deviation of neighbor dis-
tances of trait (first dietary PCoA
axis) values for species within a com-
munity divided by the overall trait
(PCoA1) range of that community
(higher values = greater spacing in
niche space for community members)
PCoA2.Range Second Dietary
PCoA Range
Trait (second dietary PCoA axis)








Standard deviation of neighbor dis-
tances of trait (second dietary PCoA
axis) values for species within a com-
munity divided by the overall trait
(PCoA2) range of that community
(higher values = greater spacing in
niche space for community members)
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CHAPTER 3
THE COMPANY CANIDS CONFRONT:
SPATIOTEMPORAL PARTITIONING AT LOCAL
SCALES FACILITATES CARNIVORE COEXISTENCE AT
THE LANDSCAPE LEVEL
Abstract
Canids are the most widely distributed carnivores in the world. The increasing
impacts of commensal carnivores such as free-ranging dogs on wildlife communities
has resulted in an urgent need to understand putative interactions within carnivore
guilds. It is therefore imperative to understand the processes driving canid assem-
blages in different landscapes and at multiple spatial and temporal scales, in order
to conserve and manage wildlife communities. I investigate spatial, temporal, and
habitat partitioning within a guild of four co-occurring canids, namely desert fox
(Vulpes vulpes pusilla), Indian fox (Vulpes bengalensis), golden jackal (Canis aureus),
and domestic dog (Canis lupus familiaris), the arid northwest of India. My study
provides essential baseline information on the occurrence and distribution patterns
of multiple canids in a human-dominated and understudied landscape threatened by
global change. The results of this study indicate that co-occurrence at the local
spatial scale between species corresponds with temporal partitioning in intra-guild
carnivores that are of similar body size. My results show that, for canids, avoidance
at the local scale through facultative and behavioral character displacement such as
temporal partitioning enables coexistence at the landscape scale.
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Now, here, you see, it takes all the running you can do, to keep in the same place.
–The Red Queen, in Lewis Carroll’s Through the Looking-Glass
A class of alternative ideas, here termed Court Jester hypotheses, share the basic
tenet that changes in the physical environment rather than biotic interactions
themselves are the initiators of major changes in organisms and ecosystems.
“Maybe it is time for the Court Jester to marry the Red Queen.” That is, perhaps
the dichotomy between the two hypotheses is really a dichotomy of scale, and that as
we look for ways to travel across biological levels, we will find ways to resolve the
dichotomies.
– Anthony Barnosky (Barnosky, 2001)
3.1 Introduction
Carnivores are distributed widely, found in almost all landscapes and land cover
types on earth, and exhibit enormous variation in terms of traits and adaptations (Git-
tleman, 2019). They influence community assembly and ecosystem function through
their direct and indirect interactions with other species at different trophic levels,
including top-down control on prey and competition for habitat and food (Linnell
& Strand, 2000; Sillero-Zubiri et al., 2001; Linnell et al., 2001; Schuette et al., 2013;
Gompper et al., 2016; Jiménez et al., 2017). Carnivores in resource-limited as areas,
such as arid and semi-arid ecosystems, are especially vulnerable to threats (Cardillo
et al., 2005; Ripple et al., 2014), since these unique regions are often under-studied,
under-protected, face rapid conversion, and are threatened by encroachment, mono-
cultures, invasive species, fragmentation, and climate change, potentially resulting
in species extinctions (Sodhi et al., 2004; Dunn et al., 2009; Gerber et al., 2012b).
Despite these issues, species-rich carnivore communities continue to persist in heavily
human-dominated and human-modified habitats (Linnell et al., 2001; Sillero-Zubiri
et al., 2001; Schuette et al., 2013).
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Multi-species carnivore assemblages are seen almost globally and given resource
limitations, interference competition is now accepted as a crucial factor in the distri-
bution and composition of mammalian communities (Estes et al., 2011). A number
of studies have established that a “landscape of fear” exists not just in prey-predator
interactions but even in intra-guild interactions. In the latter case, as is true for
carnivores, dominance is typically based on size (Palomares & Caro, 1999). This has
given rise to the notion of “species-scapes”, which has been defined as a “spatial plane
of species interactions that combines with resources and habitat structure to drive
species distributions” (Fisher et al., 2013).
Wild canids are the most widely distributed of carnivores and are found in all
continents with the exception of Antarctica (Sillero-Zubiri et al., 2004; Gittleman,
2019). A common trend is that two or three species of canids tend to occur in sym-
patry (Kamler et al., 2004, 2012; Gittleman, 2019). Typically, in systems with mul-
tiple sympatric canids, there is resource partitioning of some kind - habitat, spatial,
temporal, and/or dietary (Kamler et al., 2012; Gámez & Harris, 2020). Conditions
that allow several species to coexist usually include either a minimum weight differ-
ence between species or massive character displacement, such as in the case of some
parts of sub-Saharan Africa with the cape fox, bat-eared fox, and the black-backed
jackal (Kamler et al., 2012).
Despite the wide distribution of free-ranging dogs, it is rare to find systems with
multiple canids so that guild-level interactions can be understood. One of the few
places in the world where multiple canids co-occur is in the Banni grasslands of
Kutch in northwest India which harbor five co-occurring canids: desert or white-
footed fox (Vulpes vulpes pusilla), Indian or Bengal fox (Vulpes bengalensis), golden
jackal (Canis aureus), and Indian wolf (Canis lupus pallipes) along with high densi-
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ties of free-ranging domestic dog (Canis lupus familiaris). The Indian wolf however
is rarely seen here and could possibly be using the landscape only while dispersing.
Current understanding of the species ecology indicates that dogs are human commen-
sals, jackals are likely to be habitat generalists, while the fox species are considered
habitat specialists with the Indian fox tightly coupled with grasslands and the desert
fox associated with arid areas (Figure 3.1) (Sillero-Zubiri et al., 2004). Here, I aim
to understand how these multiple competing canid species interact over space and
time, and the spatiotemporal associations facilitating their co-existence. I compare
patterns of habitat use, as well as spatial and temporal segregation of four species of
canids found in the study area (Figures 3.1 and 3.2).
I predict that (i) the canids will vary in their distribution, with dogs and jackals
more likely to be found close to human habitation such as villages (since both species
have a generalist diet and are commensals in the region) and the two fox species less
likely to be close to villages (Figures 3.4 and 3.5a), (ii) the presence of wild canids will
likely vary based on habitat type with jackals widely distributed and found in areas
with the invasive Prosopis juliflora (also called mesquite) and other mixed vegetation
types, whereas the Indian fox is more likely to be associated with grassy areas, and
the desert fox is more likely to be found in saline desert habitat (Figure 3.5a), and
(iii) spatial overlap between two species will likely result in temporal partitioning or
other behavioral character displacement between the species. Resources are limited
for carnivores so spatial overlap at local scales is likely to result in temporal par-
titioning or other behavioral character displacement to enable coexistence at larger
scales (Farris et al., 2015, 2016). I used data from a camera trap survey under a
multi-species occupancy modeling (MSOM) (Waddle et al., 2010; Rota et al., 2016;
Devarajan et al., 2020) framework to account for imperfect detection and estimate
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the influence of the habitat and environmental variables, as well as the presence of
the other species, on the co-occurrence of a given species (Figures 3.3-3.7).
3.2 Methods
3.2.1 Study Area
I conducted field data collection for this study in the Banni grasslands located
in the Kutch district of Gujarat in north-west India (Figure 3.2) between September
2014 and March 2015. Spread over an area of 2500 km2, the Banni grasslands are
considered the largest tropical grassland in Asia and the largest natural grassland in
the Indian subcontinent. These grasslands are a mosaic of seasonal grassland patches
and arid desert patches with salt pans.
The region harbors a high mammal diversity. Apart from the five canid species,
some of the other mammalian carnivores that can be found here include the desert
cat (Felis lybica ornata), caracal (Caracal caracal), jungle cat (Felis chaus), and
striped hyena (Hyaena hyaena). While the Indian wolf has been an integral part of
the carnivore assemblage historically, the species is very rarely seen in the region in
recent years and hence was excluded from this study. Other species include Indian
grey mongoose (Herpestes edwardsi), chinkara (Gazella bennettii), nilgai (Boselaphus
tragocamelus), Indian crested porcupine (Hystrix indica), Indian long-eared hedgehog
(Hemiechinus collaris), black-naped hare (Lepus nigricollis), and Indian desert jird
or gerbil (Meriones hurrianae). Birds, reptiles, invertebrates, livestock, and humans
also emerged as bycatch from the camera trap study.
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Body Size
2 - 4 kg
15 - 30 kg
8 - 11 kg
3 - 7 kg
Figure 3.1. Brief natural history description of the four species of canids
included in this study.
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Figure 3.2. Vegetation map of Banni. A map of the study area in the Banni
grasslands depicting vegetation cover, roads, villages and water bodies along with
some villages and adjoining regions, with the inset maps showing location of Banni
in the Kutch district of Gujarat state in India as well as the sampling design
employed. The gaps in sampling can be attributed to the presence of water bodies
at some of the sites and due to an inability to obtain permission to set up camera
traps in restricted areas. Figure based on GIS layers courtesy of K-Link Foundation,
India.
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The spatial scale for this study reflects coverage of the whole Banni grassland
landscape encompassing the unique canid community present. The temporal scale
was chosen to minimize violating the demographic closure assumption on the basis of
running a single season MSOM during the dry season, since it is logistically infeasible
to set camera traps in the study area during the wet season when many parts of the
area are inundated.
3.2.2 Survey Design
Camera traps were used to determine the occurrence of each of the species in
order to understand habitat, spatial, and temporal partitioning between them. A
grid-based sampling approach with a systematic sampling design was used by super-
imposing a 2×2 km grid over the entire study area of 2500 km2. I assumed that
this cell size represented the home range of the largest species of wild canid (golden
jackal) (Aiyadurai & Jhala, 2006). The home range of the Indian fox is between 1.6
and 3 km2. Since little is known about the ecology of the desert fox, I assumed a
home range of about 4 km2 considering that it is intermediate in size relative to the
jackal and Indian fox.
The cell size thus helps account for the assumptions of geographic closure and
independence in MSOMs (Devarajan et al., 2020). The assumption of demographic
closure is also not violated since this is a single season study. All four canids belong
to the same guild which minimizes chances of violating the crucial assumption of eco-
logical similarity due to their relatedness within carnivores. Despite their taxonomic
relatedness, they are easy to tell apart in the camera trap videos, which reduces vi-
olation of the assumption of accurate identification, an important consideration in
MSOMs (Devarajan et al., 2020). This grid-based systematic sampling design re-
sulted in 296 sample grids while a further 380 sites were taken as unsampled sites,
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giving a total of 670 sites for which the probability of occurrence estimates for each
species were obtained (Figures 3.2, 3.4, and 3.5c). I deployed a single Moultrie M990i
No-Glow Game camera trap per grid for four consecutive nights as temporal repli-
cates for modeling the detection probability, resulting in 1184 camera trap days in
total.
Table 3.1. Species occurrences. Site-specific species occurrences obtained from
metadata extracted from camera trap videos annotated through ViXeN for the 296
sampled sites (camera locations) and 6221 videos based on the sampling design
shown in Figure 3.2. The occupancy estimate (ψ) values shown for each species are
from the MSOM using body size-based interactions and habitat covariates covering
670 (290 sampled and 380 unsampled) sites across the landscape as shown
in Figure 3.2. Refer Figure 3.7 and the model output shared as supplementary
information through Figshare (Devarajan, 2020b) for the species association
estimates as well as the species-specific effects of the habitat covariates.
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Table 3.2. Site-specific species co-occurrences based on the camera trap
videos obtained as described in Table 3.1.
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Thirty two of these cameras were deployed in the field at any given time during
the study. Since all cameras were from the same manufacturer, and belonged to the
same model, any bias introduced from mixing camera trap types was avoided. In the
absence of any sturdy trees on which camera traps can be securely mounted in the
study area, custom camera trap mounts or stands were used.
In order to maximize species detections, a drop of lure (Cross Breed Food Lure
from Kishel’s Scents, USA) was used for every camera trap. While this is considered
an ‘active system’ method, lures are not as strong incentives as bait and hence un-
likely to introduce any associated bias into the study (Garrote et al., 2012; Gerber
et al., 2012a). For each camera trap site, the remotely-sensed covariates, such as
the Banni extent, village locations, waterbody locations, roads, and vegetation (Fig-
ure 3.2), were obtained from land cover maps provided by the organizations K-Link
Foundation and Sahjeevan.
A body size-based hierarchy was assumed for the canids (Figures 3.1 and 3.5)
and the interaction was built into the model for each corresponding species. In the
model, this hierarchy was incorporated to account for occupancy estimates of a species
for a site with and without one or more of the other species. Dogs are the largest
among the canids in this study, followed by jackals. The Indian fox is the smallest
of the canids, while the desert fox is intermediate between the jackal and Indian fox
in terms of body size. This assumption implies that the smaller canids are affected
by interactions with the larger canids, while the larger canids are unaffected by the
remaining canids. The Indian fox is thus influenced by the desert fox, golden jackal,
and dog while the dog is not influenced by the other three canids.
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Figure 3.3. Project management through ViXeN. The ViXeN project interface
for managing the camera trap videos with the corresponding tags that were created
to extract variables of interest such as the species present in each video. The
metadata seen to the left of the media viewer (used to view the camera trap videos
converted to webm format) was extracted as a CSV file for subsequent analysis.
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3.2.3 Analysis
The videos obtained from the camera trap were accessed using ViXeN (Ramachan-
dran & Devarajan, 2018; Devarajan & Ramachandran, 2020), an open source multime-
dia file manager for viewing the media, adding custom tags, and annotating metadata
associated with media files such as videos, images, audio, and text (Figure 3.3). Cus-
tom tags representing the variables of interest were created. The associated variables
for each video included information on whether any of the study species were present
in the video and if so, the corresponding number of individuals (see Figure 3.3). These
metadata of species occurrences were saved as a comma separated value (CSV) file.
These metadata were combined with geospatial data based on the grid and camera
trap numbers.
The resulting CSV data file was cleaned and exported for further statistical analy-
sis and visualization (Team, 2020; Wickham, 2016; Wickham et al., 2016; Devarajan,
2020a) in R ver. 3.4.4 (Team et al., 2013) and Python version 2.7.6 (Van Rossum &
Drake Jr, 1995). The Python libraries pandas (McKinney, 2015) and numpy (Oliphant,
2007; Virtanen et al., 2020) were also used for the data cleaning and processing done
in the analysis.
I extracted information on the ambient temperature at the time of detection and
timestamp of canid captured in the camera, and used this metadata to infer a rough
time-activity budget (Figure 3.6a) for each species. I used remote-sensing data to
understand anthropogenic impacts on species-specific occurrences, as well as local
site-level variation in habitat features.
The covariates used for the MSOM were the proportion of the dominant vege-
tation types (dense Prosopis [DP]; Prosopis, grass, and other vegetation [PGOV];
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Suaeda saline land [SSL]; and water body [WB]) in each grid, along with distance
between the camera location and the nearest village and nearest road segment for
each grid. These covariate values were obtained from remotely sensed data obtained
as geographic information system (GIS) layers acquired from local organizations op-
erating in the region (Sahjeevan and K-Link Foundation). I expect that Prosopis
has a positive effect on the distribution of dogs (due to the increased presence of the
invasive plant near villages) and jackals (which are habitat generalists with an affinity
for woody vegetation). The smaller canids are both habitat specialists due to which
I expect that the Indian fox is more likely in areas with grass while the desert fox is
likely to be positively associated with saline desert areas.
Multi-species Occupancy Modeling
The final occupancy estimate is represented by the species-specific probability ψij
and indicates the probability of site use across the landscape for each species (i = 1,
2, . . . N ) at specific sites (j = 1, 2, . . . , J ) and sampling occasions (k = 1, 2, . . . , K ).
The occupancy and detection probabilities (ψij and pijk respectively) are modeled as
a function of covariates (‘cov’) such as the proportion of dense Prosopis [DP] and
proximity of each camera trap location (site) to the nearest village, simultaneously
factoring in the occurrence of the larger canids based on the body size hierarchy
assumed.
wi ∼ Bernoulli(Ω) (3.1)
where wi is the indicator variable and Ω represents the probability that species i
is part of the canid guild of size N = 4 in this case.
zij ∼ Bernoulli(ψijwi) (3.2)
where zij is the true occupancy state matrix (if species i is present at site j then
zij = 1 else zij = 0).
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yijk ∼ Bernoulli(pijkzij) (3.3)
logit(ψij) = αψ,j + βψ,cov,icovj (3.4)
logit(pijk) = αp,i + βp,cov,icovjk (3.5)
α and β are linear predictors, and yijk is the detection/non-detection of species i
at site j over the kth sampling occasion having pijk detection probability.
The MSOM (see (Waddle et al., 2010; Rota et al., 2016; Devarajan et al., 2020)
for more information on MSOM implementation) was implemented under a Bayesian
framework with JAGS using jagsUI in R. It was parallelized for a faster run using eight
cores. The JAGS code provided as supplementary information through Figshare (De-
varajan, 2020b) has the parametrization for each species.
The model was parameterized with habitat covariates at the grid level (proportion
in each grid of DP, PGOV, SSL, and WB) as well as proximity to nearest village and
segment of road for each camera location along with the body size-based interaction
described earlier. These were considered important in identifying the spatiotempo-
ral patterns of distribution for all four canids. Evaluating multiple models under a
Bayesian modeling framework is challenging. For this reason, the analysis under a
Bayesian framework described here used the habitat covariates that made the most
ecological sense given the constraints and practicalities of Bayesian model selection.
Thus all dominant habitat covariates were used for all species in the study while the
body size hierarchy was used to model the interactions.
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The MSOM is based on comparing the estimated conditional probability of oc-
currence for each canid species when one or more of the other species, on the basis
of the body size hierarchy, was present or not present, and plotting the highest occu-
pancy estimates of each canid on a map of the study area in order to glean patterns
of spatial overlap in occurrence. The estimates are based on three chains of 220000
iterations with burn-in of 6000 and adaptation of 12000 iterations, and a thin rate of
10, yielding 64200 samples from the joint posterior. I examined the convergence of the
models through visual inspection of the trace plots and by using the Gelman-Rubin
convergence diagnostic (Gelman et al., 1992).
3.3 Results
The camera trap survey yielded a total of 6221 videos of 30 seconds each from
296 camera locations for a total video footage duration of 3110 minutes. There were
315 videos with at least one canid identified and 797 videos with other taxa including
livestock such as buffaloes, camels, horses, and goats (n=596), wild mammals such as
other carnivores, herbivores, and rodents (n=142), birds (n=52), and invertebrates
(n=5). The raw occurrences and co-occurrences based on the camera trap videos are
provided in Tables 3.1 and 3.2. The spatiotemporal partitioning results are shown in
Figures 3.5 and 3.6, while Figure 3.7 is a visual summary of the MSOM results.
The model output for all species with the occupancy estimates and site-specific
ψ estimates used to develop the map of the spatial interactions between the canids
(Figure 3.5c) and the visual summary (Figure 3.7) is provided as supplementary infor-
mation on Figshare (Devarajan, 2020b) and includes the species-specific occupancy
estimates, effects of interactions based on whether other species are present or not
present, effects of habitat covariates on the occupancy of each canid species, and






Figure 3.4. Species-specific distribution maps of occupancy probabilities
for each grid in the study area for each canid species: (a) dog, (b) golden




Figure 3.5. Hypotheses, expected interactions, and estimated species
occupancy. (a) This depicts the hypotheses the authors were testing which
matches the distribution patterns for each species estimated using occupancy
analysis as seen in (c). (b) This is a diagrammatic representation of the expected
interactions between each species and the presence of the other three species in the
area. The black arrows denoted by 0 indicate the body size-based assumption that
the presence of this species has no effect on the species near the arrowhead. (c) A
map of the study area in the Banni grasslands with the estimated occupancy (ψ) of
the different canid species based on the highest probability of occurrence from the
MSOM.
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The estimated occupancy is highest for the jackal and lowest for the Indian fox
(Table 3.1). I found a positive association between the golden jackal and dog, while
the Indian fox shows avoidance of both the larger canids (Figures 3.5 and 3.7). How-
ever, the desert fox was negatively associated with only dog presence.
I found that both the fox species were negatively associated with dog presence (Fig-
ure 3.7 and supplementary information on Figshare (Devarajan, 2020b)). There is
some spatial partitioning between the Indian fox and the other canids, either directly
or indirectly (Figures 3.5 and 3.7). Indian fox occurrence is also negatively associated
with sites that had a higher proportion of Prosopis-dominated habitats (denoted by
the covariate Dense Prosopis). They are also negatively influenced by proximity to
the nearest road. However, while desert fox presence corresponded favorably with
Indian fox occurrence, the former occurs in more open Suaeda fruticosa-dominated
saline habitats and is negatively influenced by proximity to human habitation such
as villages.
The activity patterns for the canids based on the camera trap videos showed that
free-ranging dogs were mostly diurnal while the wild canids were predominantly noc-
turnal or crepuscular (Figure 3.6). Both fox species were active at the same time,
while none of the wild canids were active when dogs were active. Jackals were cre-
puscular as well as nocturnal, while both foxes were mostly nocturnal. The activity
period for each species corresponded with the temperature ranges tolerated by the
species(Figure 3.6(b)). Dogs which were primarily diurnal were active at times corre-
sponding with high temperatures, whereas Indian and desert foxes which were mostly
crepuscular and nocturnal were primarily active at lower temperatures.
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(a) Activity period for different canid species
(b) Relationship between activity period and temperature for each species
Figure 3.6. Time-activity and temperatures corresponding with activity
for the canids. (a) Hourly activity count for each of the study species. The
spatial overlap seen between the golden jackal and dog in the map in Figure 4 can
potentially be explained by the temporal partitioning between the species seen here
- dogs seem predominantly diurnal while the wild canids including the golden jackal
seem to be crepuscular and nocturnal. (b) Boxplot comparing the relationship
between activity periods and temperature for each of the study species.
Temperature is in Celsius and these measurements were obtained from the values
recorded in the trail cameras.
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Figure 3.7. Visual summary of the interactions based on the MSOM
using a body size-based hierarchy between the canids. For all colors,
dashed lines represent a positive relationship while solid lines represent a negative
relationship. The species-specific habitat covariate estimates obtained from the
MSOM denote the degree and direction of influence of each covariate on the canids.
The interactions between the individual canid species is obtained by comparing the
conditional probabilities of co-occurrence using the interactions-specific ψ estimates
for each species based on whether other species are present or not present. Since
dogs are the largest in the size-based hierarchy assumed, they influence all the other
canids, although their occupancy is estimated using only the habitat covariates.
Refer supplementary file shared through Figshare (Devarajan, 2020b) for model
parameterization and model output used for this figure.
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When I combined the spatial patterns with the hourly activity data for the canids
(Figures 3.5 and 3.6), I observed that although golden jackals and dogs overlap spa-
tially, they seem to be active at different times of the day, which indicates temporal
partitioning between the species. On the other hand, while the two fox species seem
to partition space, there appear to be pockets where they co-occur. However, there
is a demarcation in habitat preferences between the two fox species - the desert fox
is more likely to be found in saline and barren areas (Suaeda saline land) whereas
the Indian fox is a known grassland specialist, with a preference for habitats with
Prosopis, grass, and other vegetation (PGOV). Furthermore, the Indian fox is nega-
tively associated with proximity to nearest road and areas with dense Prosopis, while
the desert fox is negatively correlated with distance to nearest village (Figures 3.5
and 3.7). On the other hand, the golden jackal does not seem to be negatively asso-
ciated with any of the covariates considered and has the largest occupancy estimate
of all the canids.
3.4 Discussion
In this study, based on a landscape-scale camera trapping effort, I used hierarchi-
cal models to estimate the occupancy of four co-occurring canids while incorporating
body size differences between the species and coupled this with temporal data ex-
tracted from the camera trap study to understand the time-activity patterns of the
canid species. The results of our MSOM show complex patterns of spatiotemporal
partitioning between the species. The larger canids, dogs and golden jackals, are
positively correlated with most of the covariates I considered and had the highest oc-
cupancy in the landscape. The distribution of the smaller canids, the desert fox and
Indian fox, were negatively associated with several covariates, specifically the propor-
tion of Prosopis in each camera trap grid and the proximity to the nearest village
and road respectively. Furthermore, both fox species were negatively associated with
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dog presence. There emerged a strongly positive spatial association between dogs and
golden jackals, albeit with significant temporal partitioning between them. This sug-
gests that spatial overlap between potentially competing carnivores at the local scale
may be complemented with temporal segregation in order to facilitate coexistence at
larger scales.
As visible in Figures 3.4-3.7, these results broadly match my hypotheses: (i)
dogs and jackals were more likely to be found close to villages while the fox species
were more likely to be negatively correlated with anthropogenic influences with the
desert fox having a negative association with proximity to village and the Indian fox
negatively correlated with proximity to road (Figures 3.4, 3.5, and 3.7), (ii) canid
occurrence varied based on the habitat and time (Figures 3.5 and 3.6), and whereas
jackals were positively impacted by the proportion of invasive Prosopis juliflora in
the landscape, the Indian fox was negatively affected by this invasive (Figure 3.7),
and (iii) the strong positive relationship between dogs and jackals and resulting spa-
tial overlap corresponded with temporal segregation between the species where dogs
were almost entirely diurnal while jackals were nocturnal or crepuscular (Figures 3.5
and 3.6).
Recent research establishes that mere co-occurrence cannot be construed as evi-
dence of ecological interactions (Blanchet et al., 2020; Karanth et al., 2017). While
the signal of interaction from observational studies is hard to establish, this study
provides insights on how possible interactions as seen through the lens of spatiotem-
poral association and partitioning, along with habitat type and quality and human
presence, affect the distribution and landscape use of a guild of sympatric carnivores.
Furthermore, there is evidence of potential interactions through repeated instances
of different study species (and other small carnivores) captured on the same camera
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trap, often at different times of the day (see Figures 3.5, 3.6, and 3.7, and Tables 3.1
and 3.2).
The Banni grasslands, a seasonally resource-limited system, are rapidly being
modified by the invasive Prosopis juliflora (commonly known as mesquite). This
clearly has impacts on flora and fauna of the region. From the habitat preferences of
the canids, there emerges evidence that human-subsidized or commensal carnivores
such as dogs and jackals are adapting better to this invasive species whereas the two
fox species are negatively impacted. Furthermore, dogs are considered invasives in
many parts of the world including India and are reservoirs of disease, and the rise in
dog populations has been shown to have severe negative effects on wildlife including
other carnivores as well as prey species (Home et al., 2018). The results of this study
add to the body of evidence that indicates that the fox species, the smallest canids
considered, are potentially negatively impacted by dog presence. In a landscape with
increasing amounts of mesquite and proximity to roads (anecdotal evidence for both),
land-use changes such as a reduction in grassland habitats (Figure 3.7) are likely to
adversely affect Indian fox populations, which already have the lowest occupancy of
the canids in this study. It is important to control dog populations in order to ame-
liorate the negative impacts of dogs on wild carnivores.
In summary, through this study, I provide baseline information on the distribution
of three species of wild carnivores. In addition, I explore intra-guild dynamics under
an environmental gradient (using habitat covariates) in a human-dominated land-
scape (using proximity to villages and roads as proxies for anthropogenic influence).
Furthermore, this research adds to the literature on a threatened and understudied
landscape with multiple canid species. It offers additional insights on how human-
subsidized canids affect other canids in a community with multiple carnivores. The
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results of this study will hopefully prove beneficial in informing habitat and wildlife
management at the community level, particularly in human-dominated landscapes
that are vulnerable to precipitating changes from different angles.
Ethics Statement
The study was conducted inside and outside protected areas in Gujarat and re-
search permits to carry out ecological research required for the study were obtained
from the Office of the Chief Wildlife Warden - Gujarat (Permit No. WLP/28/C/150-
52/2014-148) and the Gujarat Biodiversity Board. Since the methods used were non-
invasive and protected species were not sampled, animal ethics committee approval
was not required.
Data Accessibility
Data used in this study can be accessed through Figshare: https://doi.org/
10.6084/m9.figshare.13075097.v1 (Devarajan, 2020a). The JAGS code to run
the single season MSOM for all four species (assuming body size-based effects of
interactions between the species) with six covariates as described in the Methods




MODELING CARNIVORE COMMUNITIES AT THE
LOCAL SCALE
Abstract Carnivores are widely distributed and have a high degree of variability
in community diversity. While there are numerous studies on individual carnivore
species, community-level studies are few. Given the important roles carnivore play
in different landscapes, it is essential to understand how carnivore communities are
structured and how species within these communities are distributed in order to better
conserve them and the landscapes they occur in. Here I focus on an understudied
protected area (Kasanka National Park in Zambia) and use camera trap surveys to
determine the mammal diversity in the region. I further use this preliminary trail
camera survey to determine the structure of the carnivore community as well as the
distribution patterns of the carnivore species using occupancy models to account for
imperfect detection. This pilot study helps understand the role of abiotic factors on
carnivore communities at the local scale.
4.1 Introduction
The mechanisms that drive the coexistence of species have been the focus of sev-
eral theoretical and experimental community ecology studies (Sale, 1977; Hubbell,
2001; Grant & Grant, 2014; Losos et al., 2003; Basset, 1995; Farris et al., 2016). This
expansive research on species coexistence in ecological communities has resulted in
the development of modeling tools, theoretical frameworks, and datasets that have
further advanced the field of community ecology. Despite numerous studies on this
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theme, the term ‘coexistence’ is often misunderstood and often mere co-occurrence is
conflated with competition and causal relations involving species interactions ascribed
without providing evidence or on the basis of correlations (Blanchet et al., 2020). In
addition, the pervasive problem of scale in ecology permeates into species coexistence
research as well (Levin, 1992; Schneider, 2001). The first step to studying coexistence
and species interactions is to understand community composition and species distri-
butions within communities.
Here I investigate how abiotic factors affect the distribution of carnivores in a
particular landscape, namely in Kasanka National Park (KNP), Zambia (Figures 4.1
and 4.2). In an understudied landscape with high biodiversity including threatened
and elusive taxa, I implement a camera trap survey of KNP to understand the struc-
ture of the carnivore community and the distribution patterns of the different carni-
vore species within the community. Of the 120 species of mammals thought to occur
in KNP, some twenty species are large and meso-carnivores including felids, canids,
mustelids, and viverrids.
Research Objectives
• Understand the effects of abiotic factors on carnivore community composition
and dynamics : The focus of the study is to understand carnivore distributions
and habitat use at KNP, a small protected area in northern Zambia. I in-
vestigated how abiotic factors such as habitat type affect the distribution of
carnivores in KNP. In an understudied landscape with high biodiversity includ-
ing threatened and elusive taxa, I studied the variation in distribution patterns
for closely related species (eg. water, slender, banded, and dwarf mongooses)
and distantly related species (eg. dwarf mongoose, African civet, side-striped
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jackal, and large spotted genet). I hypothesized that competition among closely
related species and predation between distantly related species inform carnivore
distribution patterns and that closely related taxa are likely to be separated in
either space or time, while distantly related species will likely have different
diets, especially if there is spatial overlap between them (Kamler et al., 2012).
These hypotheses will be tested in a follow up study involving a more compre-
hensive coverage of KNP to test for the role of biotic interactions between the
species in structuring the carnivore community.
• Formulate baseline information on the carnivore community in KNP : This study
provides baseline information on the distribution of several species at once, and
insights on community-level dynamics under an environmental gradient with
stressors such as habitat loss and poaching. This survey adds to the literature
on an understudied landscape and multiple carnivoran taxa, and has resulted
in a unique collection of camera trap videos and images that are beneficial
in obtaining a snapshot of the mammal community within the national park.
This research covers a large guild of carnivores while accounting for interactions
between the species and is the first such study in KNP where past research has
focused primarily on bats and baboons.
I aim to understand how the species in the entire carnivore guild at KNP inter-
act over space and time along with the spatiotemporal associations facilitating their
cooccurrence. I compare patterns of habitat use, as well as spatial and temporal
segregation between all the species detected using camera trap surveys of the study
area. In this preliminary study I focus on determining the distribution of the differ-
ent carnivore species in Kasanka using single season, single species occupancy models
(SSOMs) to account for imperfect detection.
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Figure 4.1. Study design for setting up camera traps in Kasanka
National Park involving systematic sampling of grids.
Map generated based on GIS layers obtained from the Kasanka Trust Limited.
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Figure 4.2. Map of Kasanka habitats. The most dominant habitat type is
miombo woodland. These woodlands are also interspersed with chipya woodlands
and seasonally wet grasslands. The waterbodies in the NP have associated
vegetation types falling under riverine fringing forest and mushitu swamp categories.




This study was conducted in Kasanka National Park (KNP) located in the Serenje
District of the Central Province in Zambia (Figure 4.1) between June and July 2018.
Spread over an area of 390 km2, KNP is one of the smallest national parks in Zambia.
It is a mosaic of grassland patches and woodlands interspersed with floodplains and
swamps. It has several permanent waterbodies, the largest of which is Lake Wasa,
and five perennial rivers, the largest of which is the Luwombwa River, which is also
the sole river that drains into KNP.
The national park has several habitat types as can be seen in Figure 4.2 resulting in
a substantial faunal diversity within a relatively small area. The predominant habitat
type in KNP is miombo woodland, a tropical and subtropical grassland, shrubland,
and savanna biome that is dominated by Brachystegia, Isoberlinia, and Julbernardia
tree species. This Central Zambezian miombo woodland covers about 70% of the
park. The miombo woodland is often interspersed with dambos, grassy basins and
drainage channels. The other major habitat type is the chipya or lake basin wood-
lands, which have a more open canopy than miombo woodlands. There are three
types of evergreen forests that are found in Kasanka. These include the mushitu or
swamp forests, mateshe or dry evergreen forests, and riverine forests. The last im-
portant habitat type in KNP is the papyrus swamp which includes large swathes of
papyrus vegetation.
KNP has a high faunal diversity with over a hundred species of mammals. The
landscape is most well-known for the annual migration of ten million straw-colored
fruit bats (Eidolon helvum), widely considered the largest mammal migration in
the world. Other species found in the park include sitatunga (Tragelaphus spekii),
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sable antelope (Hippotragus niger), African bush elephant (Loxodonta africana), hip-
popotamus (Hippopotamus amphibius), puku (Kobus vardonii), common duiker (Sylv-
icapra grimmia), bushbuck (Tragelaphus scriptus), hartebeest (Alcelaphus busela-
phus), plains zebra (Equus quagga), roan antelope (Hippotragus equinus), defassa
waterbuck (Kobus ellipsiprymnus), northern grysbok (Raphicerus sharpei), common
reedbuck (Redunca arundinum), African buffalo (Syncerus caffer), yellow-backed
duiker (Cephalophus silvicultor), common warthog (Phacochoerus africanus), blue or
diademed monkey (Cercopithecus mitis), vervet monkey (Chlorocebus pygerythrus),
Kinda baboon (Papio kindae), Cape porcupine (Hystrix africaeaustralis), and several
species of carnivores which are described below. Birds, reptiles, and invertebrates
also emerged as bycatch from the trail camera study.
Kasanka National Park in Zambia has a carnivore community composed of twenty
carnivores (Figure 4.4): leopard (Panthera pardus), spotted hyena (Crocuta cro-
cuta), side-striped jackal (Canis adustus), caracal (Caracal caracal), serval (Leptail-
urus serval), honey badger (Mellivora capensis), African civet (Civettictis civetta),
water or marsh mongoose (Atilax pauludinosis), slender mongoose (Galerella san-
guinea), banded mongoose (Mungos mungo), dwarf mongoose (Helogale parvula),
white-tailed mongoose ((Ichneumia albicauda), Meller’s mongoose (Rhynchogale mel-
leri), bushy-tailed mongoose (Bdeogale crassicauda), Egyptian mongoose (Herpestes
ichneumon), large spotted genet (Genetta tigrina), miombo genet (Genetta angolen-
sis), rusty-spotted genet (Genetta maculata), African clawless otter (Aonyx capensis),
and spotted-necked otter (Hydrictis maculicollis). The carnivore species detected us-
ing the camera trap survey are listed in Table 4.1. While the carnivore community
at KNP is diverse, the population densities of each carnivore species is likely to vary
substantially, with some of the mesocarnivores being more abundant while leopards
and hyenas are known to be rare and in very low densities.
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The spatial scale for this study reflects coverage of the entire national park, encom-
passing the unique carnivore community present. The temporal scale was selected in
order to minimize any violation of the demographic closure assumption, due to which
it was treated as a single season MSOM during the dry season, since it is logistically
infeasible to set camera traps in the study area during the wet season due to accessi-
bility issues.
4.2.2 Study Design
To understand community composition and infer interactions, I used a multi-
pronged approach involving camera traps for spatio-temporal interactions. A camera
trap approach to occupancy is useful in maximizing coverage for carnivore commu-
nities. In addition to providing insights into the spatial distribution patterns of
mammals, time-activity data can be obtained based on camera timestamps.
I employed a systematic study design for setting up camera traps across the 390
km2 park such that all major habitat types were covered (Figures 4.1 and 4.2). Each
motion-triggered camera ran for a sampling period of five consecutive days at each
site. The distance between camera sites was 2 kms so that the home ranges of all the
study species are incorporated while ensuring that the MSOM assumption of indepen-
dence is not violated (Devarajan et al., 2020). Since the pilot study was conducted
over a single season, the MSOM assumptions of geographic and demographic closure
are not violated. All species were distinct thereby maximizing accuracy in identi-
fication. Since all the species were carnivores, the MSOM assumption of ecological
similarity was not violated.
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Figure 4.3. Map of the grids sampled in the pilot study.
Map generated based on GIS layers obtained from the Kasanka Trust Limited.
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Figure 4.4. Phylogeny of carnivores in known to occur in KNP with
those detected during the camera survey highlighted.
Carnivore images: Wikimedia Commons.
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This research involved setting up camera traps over four weeks in June 2019 at
Kasanka National Park, Zambia. I followed a stratified random study design for
setting up camera traps across the 390 km2 park, stratified by habitat type (such
forest and grassland). Each motion-triggered camera ran for a sampling period of
five consecutive days at that site. I measured visibility at the site and local site-level
variation in habitat features on species-specific carnivore occurrences.
The size of the grids and spacing between cameras helps ensure that the assump-
tions of geographic closure and independence in MSOMs are not violated (Devarajan
et al., 2020). The assumption of demographic closure is also accounted for since
this is a single season study. All focal species belong to the same order of placental
mammals (Carnivora) thereby reducing chances of violating the crucial assumption
of ecological similarity. Despite their relatedness, they are easy to tell apart in the
trail camera videos, thereby not violating an important assumption of MSOMs, that
of accurate identification (Devarajan et al., 2020).
Using an occupancy framework helps account for imperfect detection, an impor-
tant consideration in species monitoring studies (Devarajan et al., 2020). The images
and videos from the trail cameras were accessed using ViXeN (Ramachandran & De-
varajan, 2018), an open-source multimedia data manager. The camera trap metadata
was converted into a comma separated value (csv) file for subsequent analysis. I also
collected data such as visibility at the site and local site-level variation in habitat
features on species-specific carnivore occurrences. This was combined with remotely
sensed data on habitat and climate, and analyzed under an occupancy framework
using unmarked in R. Distribution maps were generated using QGIS and R.
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The camera trapping exercise resulted in a total of 2569 videos, each of 30 seconds
duration. During the pilot study, a total of 30 grids covering different parts of the
park were sampled. These are the spatial replicates or ‘sites’ considered for occupancy
analysis. Each camera was set for five days which were the temporal replicates or
‘visits’ used in hierarchical modeling approaches. Along with the 30 sampled grids,
125 sites were considered as unsampled sites for the occupancy analysis, giving a total
of 155 sites.
I employed fifteen trail cameras of different makes (CamPark, Bushnell, and Moul-
trie) but with video-recording capabilities that work at night as well. Since the
capabilities of all the cameras was similar, any bias due to using different camera
makes was minimized. These trail cameras were securely mounted on sturdy trees at
each site at a height of about 1 m from the ground. A single camera was deployed
per sampled grid for five consecutive nights resulting in a total of 150 camera trap
days. At any given time ten cameras were deployed in the field during the pilot study.
A drop of lure (Cross Breed Food Lure from Kishel’s Scents, USA) was used in
front of each trail camera to maximize detections. Although the use of lure is consid-
ered an ‘active system’, since lures are not strong incentives unlike bait, they are not
thought to introduce any bias (Garrote et al., 2012; Gerber et al., 2012a). For each
camera location, remotely-sensed covariates, such as the KNP extent, camp locations,
waterbody locations, roads, and vegetation (Figures 4.1 and 4.2), were obtained from
land cover maps provided by the Kasanka Trust.
These data were combined with remotely sensed data on habitat and climate for
statistical analysis using an occupancy framework. Distribution maps were generated
using Geographical Information Systems (GIS) and programming languages such as
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R (using RStudio) and Python (R Core Team, 2012; Team, 2020; Van Rossum &
Drake Jr, 1995; Van Rossum & Drake, 2009). The images and videos from the trail
cameras were accessed using ViXeN (Ramachandran & Devarajan, 2018), an open-
source multimedia data manager. The camera trap metadata was converted into a
comma separated value (csv) file for subsequent analysis.
Table 4.1. Carnivore species and silhouettes used in the figures
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Table 4.2. Carnivore species occurrences. Site-specific species occurrences
obtained from metadata extracted from camera trap videos annotated through
ViXeN (Figure 4.5) for the 30 sampled sites (camera locations) and 2569 videos
based on the sampling design shown in Figure 4.2, covering 155 (30 sampled and
125 unsampled) sites across the landscape as shown in Figure 4.3.
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Table 4.3. Site-specific species co-occurrences based on the camera trap
videos obtained as described in Table 4.2.
Figure 4.5. Viewing and annotating camera trap videos using ViXeN. This
is a trail camera video from Kasanka of an African civet.
4.2.3 Analysis
The videos were extracted from the trail cameras and accessed using ViXeN (Ra-
machandran & Devarajan, 2018; Devarajan & Ramachandran, 2020) which is a gen-
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eral purpose, free and open source multimedia project manager for viewing multime-
dia and annotating metadata associated with media files that allows for setting up
custom tags (Figure 4.5). Custom tags associated with the variables were created
for all the videos using the viewer once the camera trap videos were converted to
webm format for portability. These tags included information on the presence of a
carnivore species in the video as well as the number of individuals where present (see
Figure 4.5). These species occurrence metadata were saved as a comma separated
value (CSV) file and combined with geospatial data based on the grid and camera trap
numbers for subsequent analysis. This CSV data file was cleaned using R and the
pandas and numpy libraries in Python version 2.7.6 (Van Rossum & Drake, 2009;
McKinney, 2015; Oliphant, 2007; Virtanen et al., 2020). The cleaned data was ex-
ported for further statistical analysis and visualization in R ver. 3.4.4 (Team et al.,
2013; Wickham, 2016; Wickham et al., 2016; Team, 2020) and QGIS (QGIS Devel-
opment Team, 2021).
4.2.4 Occupancy Modeling
Since only 30 grids were sampled during this pilot study, modeling interactions
under an occupancy framework is challenging given this insufficient data. Instead of
an MSOM, operating within the constraints of this pilot data, single species occu-
pancy models (SSOMs) were implemented for each of the carnivores detected in the
camera trap survey. This single season SSOM was implemented with only habitat
covariates and no interactions factored in for the carnivore community. An MSOM for
the carnivore community at Kasanka will be implemented once a subsequent camera
trap survey with more comprehensive coverage is completed.
The parameterization is similar to that implemented for the canid community in
Chapter 3 with the difference being the modeling of SSOMs for each of the species
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without incorporating interactions in this case as opposed to an MSOM (Devarajan
et al., 2020). The habitat covariates used for the SSOM were proportion of chipya
woodland, miombo woodland, mushitu forest, and grassland in each grid across the
KNP landscape.
The SSOMs were implemented under a Bayesian framework with JAGS using jag-
sUI in R, parallelized for a faster run using eight cores. The model was parameterized
with habitat covariates at the grid level (proportion in each grid of: miombo wood-
land, dambo, chipya, and mushitu). These covariates were considered important in
identifying the spatial distribution patterns for all carnivores included in this study.
The estimates are based on three chains of 300000 iterations with burn-in of 2000 and
adaptation of 5000 iterations, and a thin rate of 10, yielding 89400 samples from the
joint posterior. The convergence of the models was checked through visual inspection
of the trace plots and using the Gelman-Rubin convergence diagnosis (Gelman et al.,
1992).
4.3 Preliminary Results
The camera trap survey yielded a total of 2569 videos of 30 seconds each from 30
camera locations for a total video footage duration of 1284.5 minutes. There were 33
videos with at least one carnivore identified and 341 videos with other taxa includ-
ing herbivores such as African savanna elephant, sable antelope, puku, and common
duiker (n=124), primates such as Kinda baboon and blue monkey (n=79), and other
mammals, birds, reptiles, and invertebrates (n=138 across all four faunal categories).
The raw occurrences and co-occurrences based on the camera trap videos are provided
in Tables 4.2 and 4.3.
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Figure 4.6. Occupancy of side-striped jackal in KNP.
Figure 4.7. Occupancy of African civet in KNP.
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Figure 4.8. Occupancy of miombo genet in KNP.
Figure 4.9. Occupancy of large-spotted genet in KNP.
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Figure 4.10. Occupancy of white-tailed mongoose in KNP.
Figure 4.11. Occupancy of marsh mongoose in KNP.
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Figure 4.12. Occupancy of bushy-tailed mongoose in KNP.
The carnivore community in KNP comprised the focal species for this pilot study.
The preliminary camera trap survey indicated the presence of seven carnivores be-
longing to six genera and three families (Canidae, Viverridae, and Herpestidae): side-
striped jackal, African civet, Angolan or miombo genet, rusty- or large-spotted genet,
bushy-tailed mongoose, marsh or water mongoose, and white-tailed mongoose. The
probability of occurrence was calculated for each of the seven carnivores and maps
were generated based on the occurrence probability (ψ) estimated through the stacked
SSOMs (Figures 4.6 – 4.12).
All seven carnivores from this pilot camera trapping effort are considered to be of
Least Concern (LC) under the IUCN Red List (IUCN, 2021). Bycatch species from
the trail camera survey were mostly categorized as LC (IUCN, 2021) but included
species such as the Zambian sable antelope (Hippotragus niger kirkii) (considered
Vulnerable under the IUCN Red List (IUCN, 2021) categorization) and the blue
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Figure 4.13. Occupancy of the different carnivore species in KNP.
monkey which is rare. A longer camera trap survey with more a comprehensive
spatial coverage of KNP is necessary to make any meaningful inferences about the






Figure A.1. Word cloud of the broad context in publications about
studies focusing on community occupancy.
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Table A.1. List of variables included in the studies.
Variables
Climatic Habitat Species Traits Anthropogenic
Precipitation Farmland Forage Hunting
Hydroperiod Forest Nest Type Logging
Inundation Rainforest Diet Agriculture
Solar Radia-
tion
Grassland Body Mass Fragmentation
Fire Wetland Home Range
Size
Road
Temperature Savanna Gestation Housing Den-
sity
Cloudiness Pasture Resident Development
Elevation Plantation Migrant Fire
Flooding Duneland Activity Pattern Plantation
Drought Shrubland Dispersal Recreation




Table A.2. Concept key and definition of variables used in the review
Variables of interest
Publication details:
- Paper Title (String): Publication title
- Authors (String): Publication author listing
- Journal (String): The journal in which the study was published
- Year Published (Integer): The year in which the study was published in the
journal
- Author Affiliation Countries (Integer): The countries in which author affili-
ations as listed are in
- Number of Authors (Integer): The number of authors in the manuscript
- Study question and context: What was the study trying to understand?
Study organisms:
- No. of Species Seen (Integer): The total number of species observed during
the study
- No. of Species Not Seen (Integer): The species that occur in the area but
were not observed during the study
- Focal Species (String): The species the study was designed for
- Bycatch Species (String): The species on which data were obtained despite
not being explicitly designed for it/them
- Bycatch Species Seen but Not Listed (Boolean): Whether there is a mention
of organisms other than focal species seen during the study even if all the
bycatch species are not listed
- Study Group (String): Classification of study species based on their known
diet
Continued on next page
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Table A.2 – Continued from previous page
Variables of interest
- Taxa (String): Broad taxonomic unit of the study organisms in this publica-
tion
- Species (String): Basic unit (lowest taxonomic rank) of biological classifica-
tion in this study
- Genus (String): Genera corresponding to each of the study species
- Family (String): Taxonomic family corresponding to each species in the study
- Order (String): The taxonomic order to which the species studied belong
- Class (String): The taxonomic class to which the study species belong
- Kingdom (String): The taxonomic kingdom to which the study species belong
- Vertebrates (Boolean): Whether the focal species are vertebrates or not
Study area-related:
- Continent (String): The continent to which the country where the study was
conducts belongs
- Country (String): The country in which the study location occurs
- Region (String): The region in which the study location occurs
- Study Area (String): The actual study location
- Sea or Ocean Name (String): The name of the sea or ocean in case the study
location is a marine area
- Elevation (String): Elevation range of study location
- Depth (String): Depth range of study location
- Spatial Scale (String): The total area covered in the study
- Spatial Scale Justification (Boolean): Whether any justification of spatial
scale chosen was provided
Continued on next page
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Table A.2 – Continued from previous page
Variables of interest
- Spatial Scale Justification Reason (String): What was the justification for
chosing this spatial scale?
- Latitude (String): What was the latitude of the study location?
- Longitude (String): What was the longitude of the study location?
- System Type (String): Whether the study was on a terrestrial, marine,
aquatic system
- Protected Area (Boolean): Whether the study system is a protected area
- Urban Area (Boolean): Whether the study system is considered an urban
area
- Habitat (String): Broad habitat type of the study system
Study Period:
- Study Year (Integer): The year in which the study was conducted
- Temporal Scale (String): The duration of the study
- Temporal Scale Justification (Boolean): Whether any justification for the
temporal scale chosen was provided?
- Temporal Scale Justification Reason (String): What was the justification
provided for chosing this temporal scale?
- Study Season (String): The season/s during which the study was conducted
- Time of Day (String): Whether the sampling was during the day, at night,
or both
Study methods:
- Detectability (String): Whether the detectability of the species of concern is
high or not
Continued on next page
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Table A.2 – Continued from previous page
Variables of interest
- Detection Covariates (String): Detection covariates in the global model
- Detector Make (String): The make and model of the detectors used in the
study
- Detector Spacing (String): The distance between detectors used in the study
- Detector Type (String): The type of detector used in the study
- Detector Spacing Justification (String): Whether any justification for the
spacing between detectors that was chosen for the study was provided
- Detector Spacing Justification Reason (String): What justification for detec-
tor spacing chosen was provided?
- Implementation (String): Sampling methodology and field method
- Method Used (String): The type of modeling for which the study is designed
- No. of Detectors (Integer): The total number of detectors used for the study
- Trap Days (Integer): No. of trap days for the study
- Occupancy (Boolean): Whether occupancy modeling was done
- Occupancy Model Parameters (String): The occupancy attributes considered
in the global model
- Occupancy Estimates (String): Values of the occupancy estimates
- Occupancy Method (String): What method was used?
- Occupancy Model Used (String): Which occupancy model was used?
- Number of Candidate Models (String): The total number of candidate models
run under a model selection paradigm
- Model Season (String): What seasonality is used for the models
Continued on next page
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Table A.2 – Continued from previous page
Variables of interest
- Species Specific Modeling? (Boolean): Were the same detection/occupancy
models assumed for all species? If only some are influenced by say temperature,
structure is forced on all them
- Number of Chains (Integer): Number of chains used in MCMC (if used)
- Number of Iterations (Integer): Number of iterations used in MCMC (if used)
- Burn-in Period (Integer): Burn-in period in MCMC (if used)
- Thinning (Integer): Amount of thinning in MCMC (if used)
- Adaptive Phase (Integer): Adaptive phase in MCMC (if used)
- Priors (String): Information on priors
- Spatial Replicates (String): Number of spatial replicates used
- Temporal Replicates (String): Number of temporal replicates used
- Biotic Interactions (Boolean): Whether biotic interactions were considered
as a covariate for occupancy or detection
- Habitat Covariates (String): The habitat covariates that were considered for
occupancy or detection
- Habitat Included (Boolean): Whether habitat features were considered in
the analysis;
- Species Traits Included (Boolean): Whether species traits were considered
in the analysis
- Species Traits (String): Which species traits were considered for the analysis
- Climate Included (Boolean): Whether climate variables were considered in
the analysis
- Climate Covariates (String): Which climate covariates were considered for
the analysis
Continued on next page
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Table A.2 – Continued from previous page
Variables of interest
- Anthropogenic Factors Included (Boolean): Whether anthropogenic influ-
ences were considered in the analysis
- Anthropogenic Covariates (String): Which anthropogenic factors were con-
sidered in the analysis
- Simulation Done (Boolean): Whether a simulation was done
Figure A.2. Bar chart representing the number of studies that focused
on each kind of organism.
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Figure A.3. Bar charts of the taxonomic kingdom, phylum, and class to
which organisms that formed a part of multi-species occupancy studies
belonged.
Figure A.4. Study system types. A majority of community occupancy studies
were terrestrial and in a protected area.
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Figure A.5. Use of statistical tools for community occupancy across field
site and taxa. The Bayesian framework seemed to be the most popular, with a
majority of the studies using either BUGS or JAGS.
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Bioclimatic variables considered in this study for each of the major
biogeographic regions in the global tropics and subtropics. The maps are of
protected areas in each region color-coded with mean annual temperature and mean
annual precipitation. Figures B.1 and B.11 correspond to the variation in species
richness with latitude of protected areas in the Indomalayan region and Central and
South America respectively, while figures B.5 and B.15 show the regional variation of
all 19 bioclimatic variables considered here.
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bio1 Modern Annual Mean Temperature
bio2 Modern Mean Diurnal Range (Mean of monthly (max
temp - min temp))
bio3 Modern Isothermality (bio2/bio7) (* 100)
bio4 Modern Temperature Seasonality (standard deviation
*100)
bio5 Modern Max Temperature of Warmest Month
bio6 Modern Min Temperature of Coldest Month
bio7 Modern Temperature Annual Range (bio5-bio6)
bio8 Modern Mean Temperature of Wettest Quarter
bio9 Modern Mean Temperature of Driest Quarter
bio10 Modern Mean Temperature of Warmest Quarter
bio11 Modern Mean Temperature of Coldest Quarter
bio12 Modern Annual Precipitation
bio13 Modern Precipitation of Wettest Month
bio14 Modern Precipitation of Driest Month
bio15 Modern Precipitation Seasonality (Coefficient of Varia-
tion)
bio16 Modern Precipitation of Wettest Quarter
bio17 Modern Precipitation of Driest Quarter
bio18 Modern Precipitation of Warmest Quarter
bio19 Modern Precipitation of Coldest Quarter
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B.1 Indomalayan region
Figure B.1. Distribution of protected areas used in the study color-coded
by carnivore community size in each Indomalayan protected area.
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Figure B.2. Latitudinal gradient (variation of carnivore species richness
with latitude) color-coded by community size for protected areas in the
Indomalayan region.
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Figure B.3. Screeplot of dimensions with the highest percentage of
explained variances for communities in the Indomalayan region based on
Correspondence Analysis (CA) of carnivore community trait structure.
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Figure B.4. Biplot of first two Correspondence Analysis (CA) axes
obtained for the carnivores in the Indomalayan region.
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Figure B.5. Histograms of bioclimatic data for the Indomalayan region
for variables in Table B.1.
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Figure B.6. Relationship between bio1 (modern annual mean
temperature) and latitude for each protected area in the Indomalayan
realm.
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Figure B.7. Relationship between bio12 (modern annual precipitation)
and latitude for each protected area in the Indomalayan realm.
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Figure B.8. Map of protected areas in the Indomalayan region
color-coded by the mean annual temperature gradient.
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Figure B.9. Map of protected areas in the Indomalayan region
color-coded by the mean annual precipitation gradient.
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Figure B.10. Correlation plot of relationship between some of the
carnivores in the Indomalayan region with protected area geography
(latitude and longitude).
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B.2 Central & South America
Figure B.11. Distribution of protected areas used in the study
color-coded by carnivore community size in each protected area of
Central and South America.
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Figure B.12. Latitudinal gradient (variation of carnivore species richness
with latitude) color-coded by community size for protected areas in
Central and South America.
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Figure B.13. Screeplot of dimensions with the highest percentage of
explained variances for communities in Central and South America based
on Correspondence Analysis (CA) of carnivore community trait
structure.
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Figure B.14. Biplot of first two Correspondence Analysis (CA) axes
obtained for the carnivores in Central and South America.
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Figure B.15. Histograms of bioclimatic data for Central and South
America for variables in Table B.1.
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Figure B.16. Relationship between bio1 (modern annual mean
temperature) and latitude for each protected area in Central and South
America.
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Figure B.17. Relationship between bio12 (modern annual precipitation)
and latitude for each protected area in the Central and South America.
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Figure B.18. Map of protected areas in Central and South America
color-coded by the mean annual temperature gradient.
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Figure B.19. Map of protected areas in Central and South America
color-coded by the mean annual precipitation gradient.
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Figure B.20. Correlation plot of relationship between some of the
carnivores in Central and South America with protected area geography
(latitude and longitude).
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Figure B.23. Map of Central and South America color-coded by PA size.
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Figure B.24. Correlation matrices of multiple biodiversity metrics in
relation to carnivore richness for Africa. Carnivore Richness : Carnivore
community size ; NRI : Net Relatedness Index ; NTI : Nearest Taxon Index ;
BM.Range: Body mass range ; BM.SDNDr : Body mass SDNDr (standard deviation
of neighbor distance divided by the overall range) ; PCoA1.Range and
PCoA2.Range: Principal Coordinate Axes (PCoA) 1 and 2 of diet range ;
PCoA1.SDNDr and PCoA2.SDNDr : PCoA 1 and 2 of diet SDNDr. The color
gradient scale indicates the strength and direction of correlation.
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Figure B.25. Correlation matrices of multiple biodiversity metrics in
relation to carnivore richness for Asia. Carnivore Richness : Carnivore
community size ; NRI : Net Relatedness Index ; NTI : Nearest Taxon Index ;
BM.Range: Body mass range ; BM.SDNDr : Body mass SDNDr (standard deviation
of neighbor distance divided by the overall range) ; PCoA1.Range and
PCoA2.Range: Principal Coordinate Axes (PCoA) 1 and 2 of diet range ;
PCoA1.SDNDr and PCoA2.SDNDr : PCoA 1 and 2 of diet SDNDr.
162
Figure B.26. Correlation matrices of multiple biodiversity metrics in
relation to carnivore richness for Central and South America.
Carnivore Richness : Carnivore community size ; NRI : Net Relatedness Index ;
NTI : Nearest Taxon Index ; BM.Range: Body mass range ; BM.SDNDr : Body
mass SDNDr (standard deviation of neighbor distance divided by the overall range)
; PCoA1.Range and PCoA2.Range: Principal Coordinate Axes (PCoA) 1 and 2 of











Figure C.1. Gradient map of estimated occupancy for Indian fox across




 0.335 - 0.533 
 0.533 - 0.671 
 0.671 - 0.868 
Figure C.2. Gradient map of estimated occupancy for desert fox across
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Figure C.3. Gradient map of estimated occupancy for golden jackal
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Figure C.4. Gradient map of estimated occupancy for free-ranging
domestic dog across the entire Banni landscape.
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C.2 Field methods and sampling protocol
C.2.1 Objectives
Set camera traps across the 2500 km2 Banni grasslands landscape in northwest
India with a systematic sampling study design involving 2×2 km2 grids for subsequent




• Clipboard with data sheets




• AA Batteries (8 per camera trap, 2 for GPS unit + a few extra)
• Hammer (for hammering camera mounts into the ground)





• Laptop with charger
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Survey Area Survey Team







Figure C.5. Data sheet used for sampling.
C.2.3.1 General Protocol
• Each camera trap location (‘site’) is surveyed for 4 consecutive days (‘visits’)
during a single season (post-monsoon, dry season)
• Each camera site is separated from the neighboring site by 2 km
• The camera traps are set up in a study design following 2×2 km2 grid area
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Figure C.6. Data sheet used for sampling with additional covariates to
be measured.
• Use checkerboard (or Robel pole) for visibility (% of boxes in the checkerboard
visible at a fixed distance radius from camera location)
C.2.3.2 Field Protocol
• Navigate to site coordinates using GPS
• Hammer the camera trap into the ground (tie to a tree if available), set to record
temperature, confirm required settings (date, time, name), ensure memory card
is inserted, leave the camera on, and lock the trail camera’s outer case
• Record grid ID, camera ID, lat/long from GPS, date set, time set, weather,
habitat in the data sheet
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Figure C.7. The canid species considered in this study.
• After collecting the camera trap (on day 5), turn off the camera, and record
date and time at which trail camera was retrieved
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Figure C.8. Setting up a camera trap in Kutch.
Photo credit: Pankaj Joshi
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D.1 Field methods and sampling protocol
D.1.1 Objectives
Set camera traps across the Kasanka National Park (Zambia) with a systematic
sampling study design involving 2×2 km2 grids for subsequent multi-species occu-
pancy modeling of carnivores.





• Clipboard with data sheets
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Figure D.2. Setting up a camera trap in miombo woodland.
Photo credit: Geraldine Claire Taylor
• Printed map with study grids
• Non-smudge pen/marker/pencil
• Trail cameras
• Bicycle cable locks and keys
• Grass slasher (to clear vegetation around the camera traps)
• Canopy densiometer
• Scented lure
• External hard disk
• Ruler
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Figure D.3. Camera trap set up near a waterhole.
• Permanent markers
• Trail camera straps
• Memory cards
• AA Batteries (8 per camera trap, 2 for GPS unit)
• Memory card reader
• Laptop with charger
• Battery chargers (if using rechargeable batteries)




• Each camera trap location (‘site’) is surveyed for 5 consecutive days (‘visits’)
during a single season (dry season)
• Each camera site is separated from the neighboring site by 2 km
• The camera traps are set up in a study design following 2×2 km2 grid area
D.1.3.2 Field Protocol
• Navigate to site coordinates using GPS
• Hammer the camera trap into the ground (tie to a tree if available), set to record
temperature, confirm required settings (date, time, name), ensure memory card
is inserted, leave the camera on, and lock the trail camera’s outer case
• Record grid ID, camera ID, lat/long from GPS, date set, time set, weather,
habitat in the data sheet
• After collecting the camera trap (on day 6), turn off the camera, and record
date and time at which trail camera was retrieved
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(a) Setting up trail camera.
(b) Recording information in data sheet.
Figure D.4. Setting up camera traps and entering data with the field
crew in Kasanka.
Photo credits: Geraldine Claire Taylor
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Camera Trap Survey
Survey Area Survey Team











Figure D.5. Data sheet used for sampling.
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Figure D.6. Map of Kasanka National Park with roads.
Source: Kasanka Trust Ltd
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Figure D.7. Map of Kasanka National Park with grids demarcated.
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Silveira, L. (2011) Improving density estimates for elusive carnivores: accounting
for sex-specific detection and movements using spatial capture–recapture models
for jaguars in central Brazil. Biological Conservation, 144, 1017–1024.
Sousa, W.P. (1979) Disturbance in marine intertidal boulder fields: the nonequilib-
rium maintenance of species diversity. Ecology, 60, 1225–1239.
Steenweg, R., Hebblewhite, M., Whittington, J. & McKelvey, K. (2019) Species-
specific differences in detection and occupancy probabilities help drive ability to
detect trends in occupancy. Ecosphere, 10, e02639.
Sun, C.C., Fuller, A.K. & Royle, J.A. (2019) Incorporating citizen science data in
spatially explicit integrated population models. Ecology, p. e02777.
Svenning, J.C., Eiserhardt, W.L., Normand, S., Ordonez, A. & Sandel, B. (2015) The
influence of paleoclimate on present-day patterns in biodiversity and ecosystems.
Annual Review of Ecology, Evolution, and Systematics, 46, 551–572.
Team, R.C. et al. (2013) R: A language and environment for statistical computing.
Team, R. (2020) RStudio: Integrated Development Environment for R. RStudio,
PBC., Boston, MA.
Tenan, S., O’Hara, R.B., Hendriks, I. & Tavecchia, G. (2014) Bayesian model selec-
tion: the steepest mountain to climb. Ecological Modelling, 283, 62–69.
Thompson, D.B., Brown, J.H. & Spencer, W.D. (1991) Indirect facilitation of graniv-
orous birds by desert rodents: experimental evidence from foraging patterns. Ecol-
ogy, 72, 852–863.
Thomson, R., Potgieter, G.C. & Bahaa-el din, L. (2018) Closing the gap between
camera trap software development and the user community. African Journal of
Ecology, 56, 721–739.
Tikhonov, G., Opedal, Ø.H., Abrego, N., Lehikoinen, A., de Jonge, M.M., Oksanen,
J. & Ovaskainen, O. (2020) Joint species distribution modelling with the R-package
HMSC. Methods in Ecology and Evolution, 11, 442–447.
Tilman, D. (1980) Resources: a graphical-mechanistic approach to competition and
predation. The American Naturalist, 116, 362–393.
Tilman, D. (1987) The importance of the mechanisms of interspecific competition.
The American Naturalist, 129, 769–774.
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